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With the growing demand for green and sustainable chemistry, it is imperative to develop novel 
catalytic methods that involve mild conditions and less toxic reagents. Described herein, is a new 
paradigm for oxidation and oxidative functionalization methodologies by harvesting visible-light 
energy. It consists of a dual catalytic system of an environmentally friendly oxidant, 4-acetoamido-
2,2,6,6-tetramethylpiperidine N-oxyl (also known as ACT) with photoredox catalysis. The 
integration of these two forms of catalysis has been realized for the oxidative amidation of 
aldehydes, furnishing N-acylated heterocycles. Extension of this process to the oxidative amidation 
of alcohols via the intermediacy of an aldehyde has been successfully pursued in one-pot two-step 
process, thus offering a general oxidation platform. The applicability of the devised system has 
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Oxidation is one of the most fundamental reactions in organic chemistry and biology, widely used 
in both academia and pharmaceutical industry. It is crucial for installing valuable functional 
handles or fragmenting complex structures.1–4 It can occur via different mechanisms such as direct 
electron transfer, hydrogen atom transfer, formation of ester intermediates followed by the 
cleavage of the intermediate, and hydride transfer.5 Apart from its wide utility in organic 
chemistry, oxidative pathway plays an important role in biological systems. For example, 
cytochrome P450, an important class of oxidases, is critical for the metabolism of every class of 
molecule that enters an organism and enables substrate-level oxygenation via a series of single-
electron transfer (SET) events.6  
1.1 Overview of known oxidation methodologies and their limitations 
Strong oxidizing reagents-based oxidation routes 
Prior to the development of green chemistry, chemists often used heavy metal-based oxidants to 
perform the oxidation reactions in stoichiometric or super-stochiometric amounts. These include 
manganese dioxide,7 ruthenium tetroxide,8 chromium trioxide, and chromium (VI) reagents (Jones 
reagent, Collins reagent, pyridinium chlorochromate, pyridinium dichromate)5. Most of them are 
toxic in nature, generate a large amount of metal waste that make the workup procedures 
complicated, and oftentimes cause overoxidation. In this regard, oxidation reactions involving 
non-metallic reagents such as Moffatt oxidation and Swern oxidation are considered as better 
alternatives. However, these choices have their own drawbacks including the use of strong acids 
  
 2 
(Moffatt oxidation)9,10 and requirement of cryogenic conditions with liberation of greenhouse 
gases, carbon dioxide and carbon monoxide (Swern oxidation)11–13a.  
Nitroxide-mediated oxidation routes 
Due to the limitations of the oxidizing agents described above, active research is being pursued to 
develop cleaner, greener, and environmentally benign reagents. In this regard, 2,2,6,6-
tetramethylpiperidine 1-oxyl (commonly known as TEMPO) had been discovered in 1960 by 
Lebelev and Kazarnowskii.13b Owing to the ability to act effectively under mild reaction 
conditions, TEMPO (1.2a) and its derivative, 4-acetamido-TEMPO (1.2b, also known as ACT), 
are primarily being used in industry for the oxidation of alcohols to carboxylic acids, aldehydes, 
or ketones.2,14 In these reactions, the nitroxyl species is not itself oxidant but rather pro-oxidant. A 
secondary oxidant (such as aqueous NaOCl) oxidizes the nitroxide into the active oxidant, 
oxoammonium cation, 1.1 that performs the oxidation of the substrate. Alternatively, the nitroxide 
can also undergo disproportionation reaction in presence of an acid to generate the oxoammonium 
cation, 1.1 and its hydroxyammonium ion, 1.4 (Figure 1).15  
 
 












1.1a: R = H; TEMPO+ BF4
–
1.1b: R = NHAc, ACT+ BF4
–; Bobbitt's Salt
1.2a: R = H; TEMPO
1.2b: R = NHAc; ACT
1.3a: R = H; TEMPOH
1.3b: R = NHAc; 4-NHAc-TEMPOH





1.4a: R = H
1.4b: R = NHAc
1.1 1.2 1.3 1.4
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In the realm of catalysis, ACT (1.2b) and its parent compound, TEMPO (1.2a) have been used 
with and without a co-catalyst to conduct the oxidation in presence of various terminal oxidants.14 
A well-known nitroxide-catalyzed oxidation of alcohols to aldehydes in combination with sodium 
hypochlorite (NaOCl, bleach) with KBr as co-catalyst has been developed by Anelli and 
Montanari.16,17 However, the reaction suffers from some major drawbacks including the use of 
stochiometric amount of bleach that is corrosive and decompose over time to liberate chlorine gas, 
side reaction involving chlorination of aromatic rings.2,18 Additionally, the biphasic solvent system 
of the reaction might be a problem for hydrophilic substrates. These disadvantages have been 
addressed by Merck & Co. by developing a system with NaOCl(cat.)/NaClO2(stoic.) to synthesize 
carboxylic acids from alcohols.19 Bleach performs the oxidation of the alcohol to aldehyde and the 
sodium chlorite (NaClO2) does the second step of oxidation to yield the carboxylic acid. 
Nonetheless, the reaction does not work for alcohols with double bonds and the latter step might 
be a problem for oxidative functionalization reactions where overoxidation will result by the 
secondary oxidant, NaClO2. TEMPO has also been coupled with other oxidants, including 
bis(acetoxy)iodobenzene, meta-chloroperbenzoic acid,20 trichloroisocyanuric acid (TCCA),21 N-
chlorosuccinimide (NCS),22 among others.14 Although these systems works at mild conditions, the 
reaction either generates of stochiometric amount of halogenated waste and often result in 
overoxidation of the product. On the other hand, oxygen with Cu(II)/TEMPO catalytic system has 
been reported as a green alternative.23–25 However, use of gaseous oxygen poses safety issues when 
applied on large scale oxidation reactions, especially in pharmaceutical industry.2,26 It is very 
important to note that apart from conventional oxidation to synthesize aldehydes or carboxylic 




Oxoammonium salt-mediated oxidation routes 
Oxoammonium salts (1.1) being the active oxidant, can also be directly used to effect oxidation 
reactions. They are environmentally benign oxidants that works at extremely mild conditions.14 
These oxoammonium cations driven oxidation reactions are often colorimetric processes that 
further helps in monitoring the reaction progress.27 One such salt, named as 4-acetamido-2,2,6,6-
tetramethylpiperidine-1-oxoammonium tetrafluoroborate (1.1a, known as Bobbitt’s salt) is a 
versatile metal-free, bench stable and recyclable oxidant, and can be synthesized safely at very 
large scale.28 Most importantly, the entire synthesis of the salt, 1.1b can be done in water as solvent 
with simple precipitation and filtration steps.  
Bobbitt and coworkers have employed oxoammonium cations, 1.1b and its congener, 1.1c (a 
perchlorate salt of 1.1) for oxidizing alcohols in acidic and basic conditions.29,30 Owing to its non-
hygroscopic properties, longer shelf life and similar oxidative powers, 1.1b is a preferred oxidant 
over other oxoammonium salts that are either explosive (perchlorate salt) or hygroscopic in nature 
(halide salts).31,14 In fact, Bobbitt salt, 1.1b has been utilized to perform an array of functional-
group transformations beyond conventional oxidation of alcohols (Figure 2).32  For example, 
oxidation processes have been devised using 1.1b for the oxidative ring-opening of cyclic ethers,33 
ring expansion strategies,34 nitrile formation.35,36 The scope of 1.1b has been expanded to develop 
amidation37 and esterification38 routes by oxidation of aldehydes and/or alcohols as well. Likewise, 
1.1b has been shown to oxidatively cleave protected alcohols, such as benzylic ethers39 and allylic 
ethers,40 to form the corresponding aldehydes that can be further reduced to the original starting 
alcohols. These two studies demonstrate the synthetic applicability of the Bobbitt’s salt in 





Figure 2 Few examples of Bobbitt’s salt, 1.1b mediated oxidative functionalization reactions  
 
The general reaction pathway of Bobbitt’s salt-mediated oxidation involves the following steps- 
a) hydride transfer form an alpha position to heteroatoms (oxygen or nitrogen) to 1.1b to form an 
oxocarbenium or iminium ion b) nucleophilic trapping of the cationic intermediate with or without 
subsequent second hydride transfer (Figure 3).  
 
 








































































In general, Bobbitt’s salt-mediated oxidations are faster and have a broader substrate scope when 
performed in basic medium. In the case of acidic conditions, extremely slow oxidation of alcohols 
bearing beta-oxygen with respect to the oxidation site and by-product formation for substrates 
bearing free amines is observed. However, in basic medium, the hydroxylamine, 1.3b, that is 
initially generated after the oxidation of the substrate by a hydride transfer to 1.1b, undergoes 
comproportionation reaction with oxoammonium cation, 1.1b to afford ACT, 1.2b (Figure 4). This 
demands the addition of super-stoichiometric amount of 1.1b, between 2.2-2.5 eq. for equimolar 
starting material for complete oxidation. The penalty is even higher for performing a two-step 
oxidation reaction that requires 4-5 eq. of 1.1b to reach completion. This has been a major 
drawback of base-mediated oxidative functionalization reactions driven by Bobbitt’s salt. 
 
 
Figure 4 Comproportionation reaction of Bobbitt’s salt in basic medium  
 
A potential oxidation system that can mitigate the major limitations of the oxoammonium- or 
nitroxide-mediated oxidations is to the utilize the power of visible-light energy via photoredox 
catalysis. This can provide oxidation pathways without the use of bleach or other halogenated 
terminal oxidants. And, the employment of catalytic system will avoid the usage of over-
stochiometric amount of oxoammonium salts. A brief description of this oxidation system along 


















1.2 Photoredox catalysis 
Photoredox catalysis has recently emerged as a versatile platform in organic synthetic community 
by providing access to valuable chemical bonds in extremely mild conditions with very low 
catalyst loadings.41 It is possible to perform both traditional as well as non-traditional bond 
formation reactions by utilizing visible-light energy. Most common photocatalysts employed in 
these reactions are Ru(II) and Ir(III) based polypyridyl complexes along with organic dyes such as 
Eosin Y and acridinium salts. In this regard, photocatalysis has been explored for coupling 
reactions, C-H bond functionalization strategies, cycloaddition reactions, among others.42,43 It has 
been also paired with transition metals and organic catalysts to perform various functionalization 
reactions.44–47 Upon light absorption, the metal-centered complex undergoes metal-to-ligand 
charge transfer (MLCT) followed by intersystem crossing.48 These two events lead to a long-lived 
excited-state photocatalyst that can engage in a single electron transfer (SET) to either oxidize or 
reduce organic substrates or activate secondary catalysts that are usually non-functional in absence 
of light (Figure 5). A terminal oxidant or reductant is added to turn over the photocatalyst. This 
process opens up a complete new avenue of catalysis by proving access to reactive intermediates 





Figure 5 General illustration of reductive and oxidative quenching of Ru(bpy)32+ 
 
1.3 The best of both worlds: photoredox chemistry and nitroxide-catalyzed oxidations 
The integration of these two forms of catalysis can provide a pathway that still uses a metal-free 
oxidant, nitroxide reagents by eliminating the use of promiscuous terminal oxidants such as bleach. 
A mild and inexpensive terminal oxidant, such as oxygen and persulfate salts, is desired to be used 
to turn-over the catalytic cycles that will allow us to avoid over-oxidation or off-target oxidations.   
The mechanism of nitroxyl-catalyzed oxidation involves the generation of the active oxidant, an 
oxoammonium cation (1.1), by a secondary oxidant in situ via a SET oxidation at a rather 
reasonable potential (Figure 6).50–52 Subsequent alcohol oxidation is a two-electron process via a 
net hydride transfer29,53,54 resulting in formation of hydroxylamine (1.3). A series of two SETs are 
required to regenerate the oxoammonium cation (1.1).52 Given the rather high oxidation potential 
for the conversion of 1.3 to 1.2 (Figure 6),55 it is presumed that the first step proceeds either by 
formal deprotonation followed by SET oxidation or by proton-coupled electron transfer (PCET). 
Either pathway results in a near barrier-less oxidation to the nitroxyl (E1/2





























Figure 6 Oxidation states of nitroxides with electrochemical and thermochemical data 
 
Several other modes of nitroxyl species (1.2) cycling have been devised, most notably the CuI/O2 
system developed by Stahl, wherein CuII-O2-Cu
II species oxidizes TEMPOH (1.3a) to TEMPO 
(1.2a) to form CuII-OO-H.58 This mechanistic postulate invokes a hydrogen atom transfer (HAT) 
via hydrogen atom abstraction (HAA) of the homolytically weak O-H bond (71.5 kcal mol-1)57 of 
TEMPOH, by a CuII–O–O● type species (Figure 7).59-60 This underlying HAT process has appeared 
recently in unrelated work by Nicewicz61 in which a photocatalytic C–H amination protocol is 
described. In this case, the superoxide (O2
–•) radical, generated via reduction of O2
 by the reduced 
state of a mesityl acridinium photocatalyst, undergoes HAA with hydroxylamine, 1.3a. By 
performing HAA, interconversion between 1.3a and 1.2a is no longer an electrochemical process 
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Figure 7 HAT/HAA between TEMPOH and TEMPO  
 
1.4 Envisioned dual-catalytic system of nitroxide species and photoredox catalysis 
Inspired by the work of Nicewicz, it was speculated whether photoredox catalysis could allow the 
oxidation of nitroxide species, 1.2 to be decoupled from the oxidation of hydroxylamine, 1.3 
(Scheme 1). That is, a photocatalyst (PC) could generate a reactive oxygen species by oxidative 
quenching (1.5 to 1.6). This radical anion could engage in HAA of 1.3 to give 1.2 which would 
circumvent a second SET oxidation. Then, 1.2 could undergo SET by the oxidised state of the 
photocatalyst 1.6 to furnish an oxoammonium cation 1.1 and the ground state of the photocatalyst 
1.7. 1.1 could facilitate a diverse array of substrate-level oxidative transformations by hydride 
transfer that would result in reduction of the oxoammonium species to its hydroxylamine, 1.3 thus 
resetting the cycle.  
 
Hydrogen atom abstraction (HAA)
Stahl’s work (2013)
R OH
Cu(bpy) (5 mol%), TEMPO (1.2a, 5 mol%)
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Scheme 1 Envisioned catalytic cycle for dual catalytic oxidative amidation. 
 
The generation of oxoammonium cations in a controlled manner would ultimately provide an 
elegant solution to the high stoichiometric penalty paid to comproportionation (Figure 4) when 
using oxoammonium salts. Moreover, this catalytic approach would not necessitate the use of 
strong terminal oxidants such as NaOCl and would eliminate over-oxidation/off-target oxidation. 
If successful, this would not only provide a complementary approach to classic TEMPO activation 
but also a catalytic process to perform oxidation functionalization reactions.  
In chapter 2, the feasibility of the proposed dual-catalytic cycle is explored for photoamidation of 
aldehydes and alcohols. Next, the scope of the envisioned catalytic system is probed in chapter 3 
for the synthesis of nitriles from aldehydes and alcohols. The investigation of the merger of 
































in chapter 4. Finally, chapter 5 comprises the application of the devised catalytic system to perform 
conventional oxidation of alcohols to carboxylic acids. In chapter 6, two different projects related 
to organosulfur chemistry and oxoammonium salt-mediated phenol synthesis are briefly discussed. 
The experimental details of all the studies are presented in Appendix I to V. 
1.5 References 
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2. Oxidative Functionalization of Alcohols and Aldehydes to N-Acyl 
Pyrazoles  
2.1 Introduction 
N-acyl azoles being an important class of amides, are present in many therapeutic compounds.1,2 
They can participate in transamidation reactions and esterification reactions by acting as activated 
amides.3-6 Additionally, they have been utilized as enolate precursors of carboxylic acids for late-
stage functionalization7 and for performing asymmetric transformations.8,9 Existing protocols 
involves dehydrogenative coupling reactions of acylating source and azoles amides at high 
temperature.10,11 
The oxidative functionalization has been reported in prior work by Leadbeater and co-workers to 
furnish N-acyl azoles with Bobbitt’s salt (4-AcNH-TEMPO+BF4
-, 1.1b). In this protocol, pyridine 
has been used as base and dichloromethane as solvent. While the amidation of aldehydes requires 
2.5 eq. of the oxidant (1.1b), the amide formation from alcohols needs double amount of 1.1b to 
reach completion. (Figure 8).6 
 
 
THE CONTENTS OF THIS CHAPTER IS BUILT ON: 
Oxidative functionalisation of alcohols and aldehydes via the merger of oxoammonium 




Figure 8 Oxidative amidation of alcohols and aldehydes to afford N-acyl azoles 
 
To test the feasibility of the proposed dual catalytic system (Scheme 1), oxidative amidation of 
aldehydes to prepare N-acyl pyrazoles has been considered. Following this, a two-step oxidation 
of alcohols has been explored to further expand the scope of the system.  
2.2 Results and Discussions 
Studies commenced by investigating whether oxygen gas can be paired as the terminal oxidant 
with Ru(bpy)3(PF6)2 for the oxidative amidation of p-tolualdehyde (2.1a, Table 1). ACT (1.2b) 
was chosen as the primary oxidant, given its improved stability, better electrochemical properties, 
and overall ease of handling compared to TEMPO (1.2a).12,13 Pyridine was employed both to 
activate the aldehyde14 and sequester H+ generated during oxidative amidation. Although Ru-based 
photocatalysts are documented to reduce oxygen, no reaction in MeCN was observed in this case 
(entry 1).15 Sodium persulfate, a well-known organic-soluble agent for oxidative quenching of 
photocatalysts, was next explored as a secondary oxidant.16-20 SET reduction of the persulfate 
anion furnishes an O-centred persulfate radical anion. Of particular note, persulfate can potentially 
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of successful oxidative quenching as compared to gaseous O2.
21 Using Na2S2O8, a nearly 
quantitative conversion to the desired acyl azole 2.3a was obtained (entry 2). Next, an array of 
solvent system was screened by replacing acetonitrile including THF, EtOAc, DCM, tBuOH, TFE, 
DMSO, DMF, and acetone. This led to a drastic reduction in the product conversion; indicating 
acetonitrile to be the ideal solvent for this process (entries 3-10). Attempts to interface organic 
photocatalyst such as 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN)22 or 9-mesityl-10-
methylacridinium tetrafluoroborate (MesAcr+BF4–) were unsuccessful (entries 11 and 12). 
Concentration had a substantial effect with more dilute concentration leading to lower conversion 
(entries 15 and 16). Ultimately, lowering the photocatalyst loading to 2 mol% and raising the ACT 
loading 20 mol% (entry 17) proved optimal when screening substrates beyond 2.1a. Lower 
photocatalyst loadings and ACT loadings may possible (entry 13) in certain cases without affecting 
conversion/yield substantially. In addition, it was found that both Bobbitt’s salt (1.1b) and 
TEMPOH (1.3a, a commercially available surrogate for 4-NHAc-TEMPOH, 1.3b) could also be 
used with minimal effect on conversion (entries 18 and 19), indicating flexibility in the starting 
point of the TEMPO-based cycle of this dual catalytic system. This latter fact is in line with 
observations by Nicewicz where both TEMPO and its corresponding oxoammonium salt could be 









Table 1 Optimization of the ACT/Photoredox Dual Catalytic Processa 
  
 
Entry Solvent (conc.) ACT (mol%) Ru(bpy)3(PF6) (mol%) Conversion (%) 
1b MeCN (0.5 M) 10 2 0 
2 MeCN (0.5 M) 10 2.5 98 
3 THF (0.5 M) 10 2.5 20 
4 EtOAc (0.5 M) 10 2.5 57 
5 DCM (0.5 M) 10 2.5 50 
6 tBuOH (0.5 M) 10 2.5 59 
7 TFE (0.5 M) 10 2.5 < 5 
8 DMSO (0.5 M) 10 2.5 0 
9 DMF (0.5 M) 10 2.5 61 
10 Acetone (0.5 M) 10 2.5 85 
11c MeCN (0.5 M) 10 0 0 
12d MeCN (0.5 M) 10 0 0 
13 MeCN (0.5 M) 10 1.5 90 
14 MeCN (0.5 M) 10 2 98 
15 MeCN (0.25 M) 10 2 46 
16 MeCN (0.1 M) 10 2 26 
17 MeCN (0.5 M) 20 2 100 (86)e 
18f MeCN (0.5 M) 0 2 99 















a Unless otherwise noted, reactions performed using 2.1a ( 0.5 mmol, 1 equiv), ACT (1.2b, 20 mol%), Ru(bpy)3(PF6)2, 
2.2a (1.5 equiv), pyridine (2.5 equiv), Na2S2O8 (2.2 equiv) and the appropriate solvent  for 18 h at rt, irradiating with 
blue LEDs; conversion determined by GCMS and/or 1H NMR spectroscopy. b Performed without Na2S2O8 and under 
an atmosphere of O2. c MesAcr+ BF4- (2 mol%) used in place of Ru(bpy)3(PF6)2. d 4CzIPN (2.5 mol%) used in place of 
Ru(bpy)3(PF6)2. e Parentheses indicates isolated yield.  f 20 mol% Bobbitt’s Salt (1.1b) used in place of ACT. g 20 mol% 
TEMPOH (1.3a) used in place of ACT. h Performed in the absence of light. i Performed without Na2S2O8. j ~10% 
carboxylic acid formation along with several unidentifiable products. 
 
Control reactions demonstrated that this was indeed a photocatalytic process; light, persulfate, and 
the photocatalyst were needed to affect oxidative amidation (entries 20-22). Interestingly, ACT 
was not absolutely necessary for oxidative amidation (indicating a background process, Figure 9) 
but did substantially improve conversion and led to a far superior impurity profile (entry 23).24,25 
It is suspected that without regulation, the persulfate radical engages in an array of different 
oxidative processes including the observed over-oxidation to a carboxylic acid as well as numerous 
yet unidentifiable oxidation by-products (potentially via off-target HAT events).26,27 An additional 
control study was conducted wherein the progress of the reaction was monitored in alternating 
periods of irradiation and darkness to determine whether an unassisted, self-sustaining chain 
process was occurring (Appendix II, 8.2). Indeed, during periods without light (∼30 min), no 
further conversion was observed by NMR spectroscopy. Although these studies cannot 
Control experiments 
20h MeCN (0.5 M) 10 2 0 
21i MeCN (0.5 M) 10 2 0 
22 MeCN (0.5 M) 0 0 0 
23 MeCN (0.5 M) 0 2.5 52j 
  
 21 
conclusively rule out a photocatalyst-assisted short-lived chain process, 28 it does imply that the 
photocatalyst is necessary to sustain reactivity. 
 
 
Figure 9  Plausible mechanistic rationale for observed oxidative amidation in absence of  
ACT 
 
With optimal conditions established, the scope of this process was next explored (Table 2). 
Numerous electronically disparate para-substituted benzaldehydes (2.1a-g) were well-tolerated. 
Similarly, various other mono- or polysubstituted benzaldehyde variants were amenable to the dual 
catalytic process (2.1h-k). Of particular note are aromatic aldehydes which are prone to either over 
oxidation29 or reactive towards electrophilic chlorine sources such as NaOCl. These types of 
aldehydes readily succumb to oxidative amidation via the process described here without issue 
(e.g. 2.1h and j). More complex ring systems (2.1n) and heterocyclic species (2.1l-m, and o) are 



































With some aldehydes, molecular sieves were added to achieve complete conversion. Although it 
is unclear as to why this was necessary, such an effect has been documented previously when using 
oxoammonium salts.30 Moving beyond simple pyrazole, more elaborate congeners were 
successfully engaged in oxidative amidation (2.1t-w). Additionally, a representative triazole, 






































Table 2 Scope of the Dual Catalytic Process Using Various Aldehydes or Azolesa 
 
a Unless otherwise noted, reactions performed using 2.1 (5 mmol, 1 equiv), ACT (20 mol%), Ru(bpy)3(PF6)2(2 mol%), 
2.2a (1.5 equiv), pyridine (2.5 equiv), Na2S2O8 (2.2 equiv) and MeCN (10 mL) for 24 h at rt, irradiating with blue 











































2.3a: R = Me. 86%
2.3b: R = OMe. 68%b,c
2.3c: R = F. 90%b
2.3d: R = CF3. 84%
b
2.3e: R = CN. 88%
2.3f: R = CO2Me. 69%




















2.3v: X = Cl. 51%b,c





ACT (20 mol%), Na2S2O8 (2.2 eq) 
Pyridine (2.5 - 5 eq)








Other Pyrazoles and Azoles
2.3h, 95%b 2.3i, 87% 2.3j, 95%
2.3k, 63% 2.3l, 96% 2.3m, 83%b 2.3n, 80%
2.3o, 77% 2.3p, 78% 2.3q, 74%b,c 2.3r, 79%b,c







To validate this devised dual catalytic system as a general solution to catalytic oxoammonium 
cation mediated oxidations, alcohols were next investigated as a starting material in the oxidative 
amidation process (Table 3). Not only this would improve the overall scope of the described 
process but would demonstrate that simple alcohol oxidation could be accomplished. Pleasingly, 
this was indeed the case. Reaction monitoring when using p-tolylcarbinol, 2.4a, revealed that the 
intermediate aldehyde 2.1a did form and was gradually consumed. Given that two distinct 
oxidative events were now required, only ~50% consumption of 2.4a was observed when using 
the conditions employed for aldehydes. To achieve complete consumption, additional pyridine and 
persulfate were required. Unlike prior reports,30,31 no oxidative esterification was observed despite 
using pyridine. This may be due in part to lower concentration of the oxoammonium cation at any 
one time when using the dual catalytic system or the enhanced nucleophilicity of pyrazole 
compared to 2.4a. 
Further exploration of alcohols as precursors to acyl azoles proved fruitful (Table 3). An array of 
functionalized alcohols readily underwent exhaustive oxidation to their corresponding acyl azoles, 
without the need to isolate the intermediate aldehyde. Like their aldehyde congeners, benzylic 
alcohols with both electron-donating and withdrawing groups readily underwent oxidative 
amidation. A representative heteroaryl alcohol, pyridyl carbinol 2.4o, also gave its acyl pyrazole 
2.3o in excellent yield. Saturated oxygen and nitrogen heterocyclic species (2.4x, 2.4ab-ac) were 
tolerated as were some strictly aliphatic systems. In most cases, good yields of the desired acyl 
azoles could be obtained. The diminished yields obtained with certain systems can likely be 





Table 3 Scope of Oxidative Amidation using Alcohols via In Situ Aldehyde Formationa 
 
a Unless otherwise noted, reactions performed using 2.4 (5 mmol, 1 equiv), ACT (20 mol%), 2.2a (1.5 equiv), pyridine 
(5 equiv), Na2S2O8 (5 equiv), ~0.2 g of 3 Å molecular sieves and MeCN (10 mL) for 24 h at rt, irradiating with blue 
LEDs; all yields are isolated yields after purification. b No molecular sieves were used. 
 
The oxidative amidation process described here was then used in tandem with more classical 
acylation reactions, such as transamidation. To determine the practicality of this two-step process, 
a representative aldehyde and a representative alcohol were subjected to the optimised conditions 


































ACT (20 mol%), Na2S2O8 (5 eq), 
Pyridine (5 eq), 3 Å Mol. Sieves












2.3x, 52% 2.3y, 73%b









R = CH3,  50%
R = F,       78%
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Scheme 2 Photocatalytic oxidative amidation followed by tandem transamidation 
 
Although attractive, attempts to perform both oxidative amidation and transamidation (or simply 
direct oxidative amidation with an amine) failed, likely due to competitive amine oxidation by the 
photocatalyst and/or the oxoammonium cation.32 However, by simply removing the solvent and 
passing the crude material through a pad of Celite®, the crude pyrazole could be advanced to the 
transamidation process without issue. Excellent yields of the transamidated products could be 
obtained in both cases. In fact, greater than 92% yield per chemical step for 2.3ad and greater than 
80% yield per chemical step for 2.3e were obtained. Given the diverse number of reactions that 
can be executed on these activated amides, it is very likely that many more tandem processes could 
be interfaced in the manner described for transamidation. 
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Pyridine (2.5 - 5 eq)























Scheme 3 Plausible catalytic cycles for ACT/photoredox dual catalytic oxidative amidation 
of aldehydes 
 
Mechanistically, two similar plausible pathways were envisioned for rationalising the success 
encountered with both aldehydes and alcohols (Scheme 3 and Scheme 4). Based on the initial 
mechanistic postulate, the prior art, and electrochemical data, the following possible sequence of 
events are suggested: 1) Photoexcitation of RuII to RuII*; 2) Oxidative quenching of RuII* by the 
persulfate anion resulting in the formation of sulfate radical anion; 3) Oxidation of ACT to its 
oxoammonium cation (E1/2
ox =[ACT/ACT+] =  0.61 vs SCE)33-35 by RuIII (E1/2
red [RuIII/RuII] = 1.29 
V vs SCE)16-18,20 4) Oxidation of the betaine adduct 2.6 via hydride transfer to give an acyl 























































anion, resetting the mechanistic cycle (Scheme 3).  When using alcohols, a second mechanistic 
cycle can be established. The order of events in this cycle is quite similar with one exception. 
Rather than hydride transfer from 2.6, reduction of the oxoammonium cation occurs by oxidation 
of hydrogen-bonding complex 2.414 (Scheme 4). The aldehyde produced by this event can then be 
shuttled into the oxidative amidation cycle. 
 
 














































2.3 Concluding Remarks 
In summary, the successful merger of oxoammonium-mediated oxidation with photoredox 
catalysis has enabled the realisation of a catalytic protocol for the facile oxidative amidation of 
aldehydes. The resulting acyl pyrazoles accessed by this method can be obtained in good to 
excellent yield from both aldehydes and alcohols. These activated amides can be used as efficient 
acylating agents. Furthermore, the acyl azoles produced by this method do not need to be isolated 
for subsequent acylation procedures as the crude material can used directly in subsequent 
nucleophilic acyl substitution processes in high yield.  
More generally, use of ACT in concert with a Ru-based photocatalyst and an inexpensive, 
functional group tolerant, terminal oxidant, sodium persulfate, allows oxoammonium cations to be 
generated in situ and engage in oxidation processes. This approach enables NaOCl-free cycling of 
TEMPO-based nitroxyls via two separate events: SET oxidation of the nitroxyl to its 
oxoammonium cation and HAT of the hydroxylamine to regenerate the nitroxyl. Given the ease to 
which alcohols could be adapted to this system, the dual catalytic system devised here has 
implications for the discovery of new catalytic oxidative transformations using ACT. 
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3. Visible-light-Driven Synthesis of Nitriles  
3.1 Introduction  
Nitriles are important compounds in their own right, the motif being found in many agrochemicals 
and pharmaceuticals.1 The nitrile group is also a versatile intermediate in organic chemistry, 
readily being transformed into numerous other functional groups, such as amides, carboxylic acids, 
esters, or amines.2  Conventional methods to synthesize nitriles include the Sandmeyer reaction 
involving diazonium salt, or transition-metal catalyzed coupling reactions of aryl halides with a 
cyanide source.3,4 However, the toxicity of most metal-based cyanide salts such as potassium 
cyanide or copper cyanide poses operational challenges. These issues can be allayed by the use of 
nonmetallic cyanide sources5 or potassium hexacyanoferrate.6 
An alternative approach to the preparation of nitriles is based around oxidation chemistry. This 
can involve direct synthesis from nitrogen-containing compounds by means of either metal-
catalyzed or metal-free oxidation reactions of primary amines,7 or the oxidation of alcohols or 
aldehydes by a catalytic or stoichiometric amount of oxidant in the presence of an ammonia 
source.8 
THE CONTENTS OF THIS CHAPTER IS BUILT ON: 
Combining oxoammonium cation mediated oxidation and photoredox catalysis for the 
conversion of aldehydes into nitriles, Synlett, 2018, 29, 2185-2190 
& 
Visible-light-driven catalytic oxidation of aldehydes and alcohols to nitriles by 
4-acetamido-tempo using ammonium carbamate as a nitrogen source, 
Organic and Biomolecular Chemistry, 2019, 17, 9182-9186 
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A facile, metal-free oxidation of aldehydes to nitriles by employing a super-stoichiometric amount 
of Bobbitt’s salt (1.1b) with hexamethyldisilazane (HMDS) as the nitrogen source, and pyridine 
as base has been reported in a prior work.9 A catalytic approach to nitrile synthesis has also been 
designed that comprises aerobic oxidation of aldehydes with ACT (1.2b)/NOx system and 
ammonium acetate (NH4OAc) as the nitrogen source.
10 Visible light mediated generation of nitriles 
has recently been explored by Nicewicz by means of the C-H activation of arenes using an 
acridinium photoredox catalyst, albeit with toxic trimethyl cyanide as the source of cyanide.11 The 
reaction is performed under basic conditions to avoid formation of HCN gas formation. These 
methods either require over-stochiometric use of primary oxidant, involve hazardous chemicals 
such as HCN gas, or strong acids, such as nitric acid (Figure 10). 
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To overcome the limitations of previous methods, the developed dual catalytic system of ACT in 
conjunction with a photocatalyst, Ru(bpy)3(PF6)2 was sought for the photooxidation of aldehydes 
to nitriles. A mild base and an inexpensive secondary oxidant would be used to perform the 
oxidation process at mild conditions. (Figure 11).  
 
 
Figure 11 Envisioned photooxidation of aldehydes to nitriles by dual catalytic system of 
ACT/Ru(bpy)3(PF6)2  
 
3.2 Photo-oxidation of aldehydes with ammonium persulfate as the nitrogen source 
Results and Discussion 
As a starting point for the methodology development, the optimized reaction conditions from the 
photoamidation reaction were employed as discussed in Chapter 2. This involved the use of 2 
mol% of Ru(bpy)2(PF6)2 as the photocatalyst, 20 mol% ACT as the primary oxidant, and 2.2 eq. 
of sodium persulfate as the terminal oxidant. Pyridine (3 eq.) was utilized as a base for the reaction. 
4-methoxybenzaldehyde, 3.1a as the test substrate and HMDS (2.5 eq.) as the nitrogen source. Dry 
sodium persulfate and 3 Å molecular sieves were used as a precaution to minimize the formation 
of undesired hydrolysis products such as the corresponding carboxylic acid or amide that are often 
produced as off-target compounds in such reactions.9,12,13 Since the oxidative reaction between an 
aldehyde and HMDS yields an N-trimethylsilyl nitrilium ion intermediate, tetrabutylammonium 








fluoride (TBAF) was added after the photooxidation process in order to cleave the N-Si bond and 
furnish the desired nitrile 3.2a (Table 4). An addition of HMDS as the nitrogen source resulted in 
a 56% conversion by 1H-NMR spectroscopy to 3.2a, the mixture also containing 40% unreacted 
starting material along with some 4-methoxybenzoic acid, 4-methoxybenzamide, and an 
unidentified side-product / intermediate (entry 1). In an attempt to improve the product conversion, 
the reaction was performed for 48 h and a slight increase in nitrile formation was observed (entry 
2). Some photoreactions are photon-limited and require more powerful light sources.14 To test this 
hypothesis, a more-powerful 34 W blue LED lamp was tested in place of blue LED strips. 
However, only an incremental increase in conversion to 3.2a was observed (entry 3). At this stage, 
with the product mixture containing a number of byproducts, the ease of product isolation was 
examined. Unfortunately, the separation of 3.2a from the byproducts proved challenging using 
column chromatography. 
Table 4 Optimization of reaction conditions for the photooxidation of aldehydes to nitriles 
using HMDS as the nitrogen sourcea 
 
Entry Reaction Conditions Yield (%)b 
1 24 h 56 
2 48 h 67 
3 48 h, blue LED lamp in place of LED strip 71 
 
a Reactions performed using 1 mmol 3.1a, ~0.2 g of 3 Å molecular sieves, ~rt (with fan), 2 ml acetonitrile, 0.6 ml of 
TBAF solution (1M in THF) added after the allotted reaction time and stirred for 1 h. b Conversion determined by 
integration of signals in the 1H-NMR spectrum of the crude product mixture. 
CHO CN
ACT (20 mol%), Ru(bpy)3(PF6)2 (2 mol%)
HMDS (2.5 eq.), pyridine (3 eq.)
Na2S2O8 (2.2.eq)









At this stage, the utilization of ammonium persulfate as an alternative nitrogen source was explored 
(Table 5). It was posited that this may solve the product isolation issue and in addition could also 
serve as the terminal oxidant in place of sodium persulfate. So, HMDS and sodium persulfate were 
replaced with ammonium persulfate (2.2 eq.). The reaction was performed at approximately 50 ℃ 
(in the absence of fan-cooling) as well as at room temperature (cooling the reaction mixture with 
a fan), while keeping all other reagents and parameters the same as before. The isolated yields of 
p-methoxybenzonitrile, 3.2a were found to be 24% and 19 % respectively (entries 1 and 2). 
Choosing to operate in the absence of fan cooling, increasing the loading of pyridine from 3 eq. to 
6 eq. essentially doubled the isolated yield of 3.2a (entry 3) but further increase in pyridine loading 
did not improve product formation, and neither did increasing the ruthenium photocatalyst loading 
to 5 mol% or using 9-mesityl-10-methyl acridinium tetrafluoroborate (MesAcr+BF4¯) as the 
















Table 5 Optimization of reaction conditions for the photooxidation of aldehydes to nitriles 
using ammonium persulfate as the nitrogen sourcea 
 
Entry Reaction conditionsb Yield (%)c 
1 ACT (20 mol%), Ru(bpy)3(PF6)2 (2 mol%), pyridine (3 eq.), (NH4)2S2O8 (2.2 
eq.), molecular sieves, MeCN 
24 
2 ACT (20 mol%), Ru(bpy)3(PF6)2 (2 mol%), pyridine (3 eq.), (NH4)2S2O8 (2.2 
eq.), molecular sieves, MeCN, r.t. 
19 
3 ACT (20 mol%), Ru(bpy)3(PF6)2 (2 mol%), pyridine (6 eq.), (NH4)2S2O8 
(2.2 eq.), molecular sieves, MeCN 
50 
4 ACT (20 mol%), Ru(bpy)3(PF6)2 (2 mol%), pyridine (12 eq.), (NH4)2S2O8 
(2.2 eq.), molecular sieves, MeCN 
48 
5 ACT (20 mol%), Ru(bpy)3(PF6)2 (5 mol%), pyridine (6 eq.), (NH4)2S2O8 
(2.2 eq.), molecular sieves, MeCN 
46 
6 ACT (20 mol%), MesAcr+BF4¯ (2 mol%), pyridine (6 eq.), (NH4)2S2O8 
(2.2 eq.), molecular sieves, MeCN 
35 
7 ACT (30 mol%), Ru(bpy)3(PF6)2 (2 mol%), pyridine (6 eq.), (NH4)2S2O8 
(2.2 eq.), molecular sieves, MeCN 
45 
8 ACT (20 mol%), Ru(bpy)3(PF6)2 (2 mol%), pyridine (6 eq.), (NH4)2S2O8 (4 
eq.), molecular sieves, MeCN 
49 
9 ACT (20 mol%), Ru(bpy)3(PF6)2 (2 mol%), pyridine (6 eq.), (NH4)2S2O8 
(2.2 eq.), molecular sieves, CH2Cl2 
17 
10 Bobbitt’s salt (20 mol%), Ru(bpy)3(PF6)2 (2 mol%), pyridine (6 eq.), 












11 no ACT, Ru(bpy)3(PF6)2 (2 mol%), pyridine (6 eq.), (NH4)2S2O8 (2.2 eq.), 
molecular sieves, MeCN 
-d,e 
12 ACT (20 mol%), no Ru(bpy)3(PF6)2, pyridine (6 eq.), (NH4)2S2O8 (2.2 eq.), 
molecular sieves, MeCN 
33d 
13 ACT (20 mol%), Ru(bpy)3(PF6)2 (2 mol%), no pyridine, (NH4)2S2O8 (2.2 
eq.), molecular sieves, MeCN 
1d 
14 ACT (20 mol%), Ru(bpy)3(PF6)2 (2 mol%), pyridine (6 eq.), (NH4)2S2O8 
(2.2 eq.), molecular sieves, MeCN, no LEDs 
9d 
 
a Reactions performed using 1 mmol 3.1a, ~0.2 g of 3 Å molecular sieves, ~50 °C (no fan), 2 mL solvent, blue LED 
strips, 24 h. b Conditions changed from entry 1 are highlighted in bold. c Isolated yield unless noted otherwise. d 
Conversion determined by integration of signals in the 1H-NMR spectrum of the crude product mixture. e Mixture of 
oxidized products formed including carboxylic acid and amide along with several unidentified products. 
 
Increasing the loading of ACT or ammonium persulfate did not increase product formation (entries 
7 and 8) and performing the reaction in dichloromethane as the solvent instead of acetonitrile had 
a deleterious effect on product yield (entry 9). As expected, Bobbitt’s salt could also be used in 
place of ACT as the primary oxidant added at the start of the reaction (entry 10). Next, a series of 
control experiments was performed to confirm that light, photocatalyst, pyridine, and molecular 
sieves are all essential to the successful outcome of the reaction (entries 11-14). Surprisingly, a 
33% conversion to 3.2a was obtained in the absence of photocatalyst (entry 12). This can be 
explained by thermal decomposition of (NH4)2S2O8 to generate sulfate radical ions that can 
undertake hydrogen atom transfer (HAT) and engage in a radical chain process to facilitate the 
oxidation reaction. Such an observation has also been made by Stephenson et al. in the oxidation 
of dialkylamides.15 Pyridine was found to be an essential reagent for this transformation (entry 
13). This gave some mechanistic insight in to the reaction, suggesting in situ formation of an 
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aldimine intermediate, 3.3 followed by hydride transfer from 3.3 to 1.1 (Scheme 5). Previous 
computational studies support the latter event in the oxidation of primary amines to nitriles by 1.1 
in presence of pyridine.7a After the completion of the screening process, optimized conditions were 
obtained which comprised ACT (20 mol%), Ru(bpy)3(PF6)2 (2 mol%), pyridine (6 eq.), 3 Å 
molecular sieves (0.2 g), and (NH4)2S2O8 (2.2 eq.), employing acetonitrile as the solvent, and 
irradiating the reaction mixture with blue LEDs for 24 h at ~50 ℃ (entry 3). 
Next, a substrate screen was performed using the optimized reaction conditions (Table 6). A range 
of para- substituted benzaldehydes with electronically different substituents, such as methoxy, 
nitro, cyano, and trifluoro- methyl, were examined. They were all found to be well-tolerated (3.1a-
d). Likewise, ortho- and meta-substituted benzaldehydes gave the corresponding nitrile product in 
fair yields (3.2e-g). A polysubstituted benzaldehyde, 2-bromo-4-fluorobenzaldehyde, also 
afforded the expected nitrile in 60% yield (3.2h), and 1-napthaldehyde was converted into the 
desired nitrile in good yield (3.2i). Two heteroaromatic substrates, 2-chloro-3-
pyridinecarboxaldehyde and 2-chloro-3-quinolinecarboxaldehyde were also screened. They 
underwent oxidation to their corresponding nitriles in moderate yield (3.2j,k). To expand the 
methodology beyond aromatic substrates, trans-cinnamaldehyde was screened but only a 14% 
yield of the desired nitrile was detected by NMR spectroscopy (3.2l). Under these reaction 
conditions, saturated aliphatic aldehydes such as cyclohexanecarboxaldehyde (3.1m) yielded a 
mixture of oxidation products including carboxylic acid, amide, and dimeric ester. A thiophene 
example (5-bromo-2-thiophenecarboxaldehyde) gave an 83% conversion into the desired nitrile 
product, 3.2n by NMR spectroscopy, but isolation and purification of the product proved 




Table 6 Substrate scope for the photooxidation of aldehydes to nitrilesa,b   
 
a Conditions unless otherwise noted: 3.1 (1.0 mmol, 1 eq.), ACT (20 mol%), Ru(bpy)3(PF6)2 (2 mol%), pyridine (6 
eq.), dry (NH4)2S2O8 (2.2 eq.), ~0.2 g of 3 Å molecular sieves, ~50 °C (no fan), 2 mL acetonitrile, blue LEDs, 24 h. b 
Isolated yields otherwise noted. c Conversion determined by integration of signals in the 1H-NMR spectrum of the 
crude product mixture. d Product mixture analyzed by GC-MS. 
 
Based on the mechanistic details of photoamidation of alcohols and aldehydes by the dual catalytic 
system of ACT/Ru(bpy)3(PF6)2 as discussed in Chapter 2, a similar mechanism was posited to 
explain the formation of nitriles with a few exceptions. The condensation of the aldehyde, 3.1 with 
pyridine (6 equiv), ACT (20 mol%)
Ru(bpy)3(PF6)2 (2 mol%)
(NH4)2S2O8 (2.2 equiv), M.S. (3 Å)











3.2a: R = OMe, 50%
3.2b: R = NO2, 56%
3.2c: R = CN, 73%
3.2d: R = CF3, 24%
3.2h, 60%




3.2f: R = Br, 60%















ammonia results in in situ formation of the aldimine 3.316,17 and, oxoammonium cation (1.1) 
oxidizes 3.3 by means of a hydride transfer to afford the nitrile, 3.2 (Scheme 5).  
 
 
Scheme 5 Plausible reaction pathway 
 
3.3 Photo-oxidation of aldehydes with ammonium carbamate as the nitrogen source 
After exploring the dual catalytic system of ACT/Ru(bpy)3(PF6)2, for the nitrile synthesis, next the 
oxidation of benzaldehydes to benzamides was targeted. The test reaction was run with 4-
methoxybenzaldehyde, 3.1a as the starting aldehyde and ammonium carbamate (NH4CO2NH2) as 
the nitrogen source. Ammonium carbamate has been used as an ammonia source in prior work and 
is more stable and less expensive on molar basis than ammonia itself.18 Water was introduced in 












































intermediate that would undergo the second hydride transfer to afford the 4-methoxybenzamide as 
the product (Scheme 6). Surprisingly, the reaction afforded the corresponding nitrile, 3.2a in 90% 
isolated yield (95% conversion). This unexpected result was exciting in that the reaction was 
performed at room temperature in the presence of water and the yield of nitrile was significantly 
higher than that from the previous protocol of nitrile synthesis (discussed in section 3.2). The 
reaction conditions were further probed to determine whether it was applicable to other aldehydes 
and if the substrate scope could be extended beyond the aromatic examples that were reported in 
the previous work (Table 6). This was indeed the case and the methodology could also be expanded 
to the one-pot two-step oxidation of alcohols to nitriles. The results have been discussed in detail 
in the following paragraphs. 
 
 
Scheme 6 Envisioned photo-oxidation of aldehydes to amides 
 
Results and Discussion 
The test reaction performed using 4-methoxybenzaldehyde, 3.1a as a model aldehyde, ammonium 
carbamate (4 eq.) as the nitrogen source and acetonitrile / water (95:5 v/v) led to a 95% conversion 
to the desired nitrile, 3.2a, when employing Ru(bpy)3(PF6)2 (2 mol%) as the photocatalyst,  ACT 
(20 mol%) as the primary oxidant, ammonium persulfate (2.2 eq.) as the secondary oxidant, 
CHO CONH2
Ru(bpy)3(PF6)2 (2 mol%), ACT (20 mol%)
(NH4)2S2O8 (2.2 eq), pyridine (2.5 eq)










pyridine (2.5 eq.) as base, and blue LED strips as the light source. The reaction was complete after 
24 h at room temperature (Table 7, entry 1).  The first parameter in the optimization stage was the 
solvent. Changing from a 95:5 v/v mix of acetonitrile/water to pure acetonitrile had a deleterious 
effect on conversion, showing the importance of water (entry 2). This can be attributed to the 
increased solubility of the two ammonium salts, (NH4)2S2O8 and NH4CO2NH2, in the 
acetonitrile/water solvent mix. The replacement of acetonitrile with either dichloromethane, 
dimethylformamide, or toluene resulted in a dramatic reduction in nitrile formation (entries 3-5). 
Turning attention to the base, replacing pyridine with strong bases such as 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) or 4-dimethylaminopyridine (DMAP) had a significantly 
diminutive effect on the conversion to the nitrile product (entries 6 and 7). Using 2,6-
dimethylpyridine (2,6-lutidine) led to a slightly lower conversion to 3.2a as compared to pyridine 
(entry 8). Returning to pyridine but decreasing the quantity from 2.5 eq. to 1.5 eq. had a slightly 
negative effect on product conversion (entry 9). 
Next, a series of photocatalysts including (Ir[dF(CF3)PP]2(dtbpy))PF6, eosin Y, and 9-mesityl-10-
methylacridinium BF4
- were screened as replacements for Ru(bpy)3(PF6)2 but all proved inferior 
(entries 10-12). Performing the reaction using less than 2 mol% of Ru(bpy)3(PF6)2 came at the cost 
of product formation, a loading of 1 mol% resulted in a drop in conversion of 9% (entry 13). 
Next, the quantity of ammonium carbamate was reduced that led to a concommitant reduction in 
product conversion (entries 14 and 15). Increasing the loading above 4 eq. did not have an 
appreciable effect (entry 16). Changing the nitrogen source from ammonium carbamate to aqueous 
ammonia led to a slight diminution in product yield but when employing HMDS a significant drop 




Table 7 Optimization of the ACT/ Ru(bpy)3(PF6)2 dual catalytic process to synthesize nitriles 
using ammonium carbamate as the nitrogen sourcea 
 
Entry Reaction conditionsb Conversion (%) 
1 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2, acetonitrile/water (95:5 v/v) 95 
2 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2, acetonitrile 77 
3 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2, dichloromethane/water (95:5 v/v) 37 
4 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2, dimethylformamide/water (95:5 v/v) 33 
5 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2, toluene/water (95:5 v/v) 12 
6 Ru(bpy)3(PF6)2, ACT, DBU, NH4CO2NH2, acetonitrile/water (95:5 v/v) 76 
7 Ru(bpy)3(PF6)2, ACT, DMAP, NH4CO2NH2, acetonitrile/water (95:5 v/v) 27 
8 Ru(bpy)3(PF6)2, ACT, 2,6-lutidine, NH4CO2NH2, acetonitrile/water (95:5 v/v) 86 
9 Ru(bpy)3(PF6)2, ACT, pyridine (1.5 eq), NH4CO2NH2, acetonitrile/water (95:5 v/v) 86 
10 (Ir[dF(CF3)PP]2 (dtbpy))PF6, ACT, pyridine, NH4CO2NH2, acetonitrile/water  
(95:5 v/v) 
32 
11c eosin Y, ACT, pyridine, NH4CO2NH2, acetonitrile/water (95:5 v/v) 17 
12c 9-mesityl-10-methylacridinium BF4-, ACT, pyridine, NH4CO2NH2, 
acetonitrile/water (95:5 v/v) 
6 
13 Ru(bpy)3(PF6)2 (1 mol%), ACT, pyridine, NH4CO2NH2, acetonitrile/water (95:5 v/v) 86 
14 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2 (1.5 eq), acetonitrile/water (95:5 v/v) 77 
15 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2 (2.5 eq), acetonitrile/water (95:5 v/v) 90 
16 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2 (6.0 eq), acetonitrile/water (95:5 v/v) 93 
17 Ru(bpy)3(PF6)2, ACT, pyridine, aq. NH3, acetonitrile/water (95:5 v/v) 91 
18 Ru(bpy)3(PF6)2, ACT, pyridine, HMDS, acetonitrile/water (95:5 v/v) 68 
19 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2, acetonitrile/water (95:5 v/v), 0.25 M 84 
20 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2, acetonitrile/water (95:5 v/v), 0.74 M 95 
21 Ru(bpy)3(PF6)2 (2 mol%), ACT (10 mol%), pyridine, NH4CO2NH2, acetonitrile/water 
(95:5 v/v) 
86 
22 Ru(bpy)3(PF6)2 (2 mol%), ACT (40 mol%), pyridine, NH4CO2NH2, acetonitrile/water 
(95:5 v/v) 
88 





Nphotocatalyst (2 mol%), ACT (20 mol%)
nitrogen source (4 eq), solvent (0.5 M)
blue LEDs, ~rt, 24 h







24 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2, (NH4)2S2O8 (4.0 eq), acetonitrile/water 
(95:5 v/v) 
89 
25 Ru(bpy)3(PF6)2, ACT, pyridine, NH4CO2NH2, acetonitrile/water (95:5 v/v), 48 h 95 
 
a Reactions performed on 0.5 mmol scale; conversion determined by integration of signals in the 1H-NMR spectrum. 
b Conditions changed from entry 1 are highlighted in bold. c 5 mol% of the photocatalyst was used rather than 2 
mol%. 
 
The reactions were conducted at a concentration of 0.5 M in aldehyde 3.1a. Operating in a more 
dilute solution lowered the conversion to nitrile but performing the reaction at 0.74 M was possible 
with no negative effect (entries 19 and 20). This therefore allowed for process intensification. In 
assessing other parameters, decreasing either the catalyst loading of ACT or the quantity of 
ammonium persulfate had a negative effect on product conversion (entries 21-24). Extending the 
reaction time from 24 h to 48 h did not increase product conversion (entry 25). Alternative light 
sources, terminal oxidants, reaction atmosphere (oxygen enriched and anaerobic), and solvent 
compositions were also evaluated but none proved superior to those used initially (Appendix III, 
Table S1 and S2). 
As anticipated, the reaction also works with the addition of 4-acetamido-2,2,6,6-
tetramethylpiperidine-N-hydroxylamine and Bobbitt’s salt at the start of the reaction in place of 
ACT; albeit with a sluggish rate of the nitrile formation in the case of the latter (Appendix III, 
Table S2). The optimized conditions therefore comprised of a 0.74 M solution of aldehyde in 
acetonitrile/water (95:5 v/v), ammonium carbamate (4 eq.) as the nitrogen source, Ru(bpy)3(PF6)2 
(2 mol%) as the photocatalyst, ACT (20 mol%) as the primary oxidant, sodium persulfate (2.2 eq.) 
as the secondary oxidant, pyridine (2.5 eq.) as base, and blue LED strips as the light source, running 
the reaction for 24 h at room temperature. 
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Next, a series of control experiments were performed to confirm that all the components play an 
essential role in the reaction. Individual components were removed from the optimized conditions 
(Table 8, entry 1). No conversion to product was observed in the absence of light or photocatalyst 
showing that the transformation is indeed a photocatalytic process (entries 2 and 3). The same was 
true if ammonium persulfate was omitted, this showing the key role of this component as a terminal 
oxidant (entry 4). The elimination of nitroxide (ACT) resulted in a mixture of oxidized products, 
including nitrile, amide, and carboxylic acid along with several unidentified byproducts and 
unreacted aldehyde (entry 5). With no addition of ammonium carbamate, a 23% conversion of 
nitrile 3.2a was obtained. The reason that some product was formed in this case is because the 
ammonium persulfate can generate ammonia in situ to serve as a nitrogen source for nitrile 
formation (entry 6) but is in no way as effective in this role as ammonium carbamate. 
 
Table 8 Control experiments probing the ACT/ Ru(bpy)3(PF6)2 dual catalytic process to 
synthesize nitriles using ammonium carbamatea 
 
Entry Omitted component Conversion (%) 
1 none 95 
2 light  0 
3 Ru(bpy)3(PF6)2 0 
4 (NH4)2S2O8 0 
5 ACT 11b 
6 NH4CO2NH2 23 
 
a Reactions performed on the 0.5 mmol scales; conversion determined by integration of signals in the 1H-NMR 
spectrum. b Mixture of unreacted aldehyde, nitrile, and other oxidized products was observed including carboxylic 
acid, amide along with unidentified products in GC-MS. 
MeO
3.2a
NRu(bpy)3(PF6)2 (2 mol%), ACT (20 mol%)
NH4CO2NH2 (4 eq), MeCN:H2O (95:5/v, 0.5 M)
blue LEDs, ~rt, 24 h







With optimized conditions in hand, the substrate scope of the methodology was examined (Table 
9). A range of para-substituted benzaldehydes with both electron-donating and electron-
withdrawing groups were first screened, all of them affording the desired nitriles in moderate to 
high yield (3.2a-c and o-q). Likewise, ortho- and meta-substituted analogs were well-tolerated 
(3.2e,f,r) as were representative polysubstituted benzaldehydes and one polycyclic example 
(3.2h,s-u).  The rate of nitrile formation for 3,4-(methylenedioxy)benzaldehyde (3.2t) was very 
sluggish and running the reaction for an extended time (48 h) did not further improve conversion 
to the nitrile product. Isolated yields of nitriles 3.2c and 3.2e, prepared from 4-cyanobenzaldehyde 
and 3-nitrobenzaldehyde respectively were lower than those from other aldehydes screened. This 
can be explained by a well-known side reaction of electron-deficient nitriles with hydroxylamines 
to amides, reported by Endo et al.19 Such an observation has also been reported in the oxidation of 
aldehydes to nitriles using Bobbitt’s salt and employing HMDS as the nitrogen source.9 
Heterocyclic aldehydes underwent oxidization to nitriles in good yields (3.2k,n,v). A considerable 
amount of amide formation was found in the 1H-NMR spectrum of the crude product mixture when 
using 2-chloro-3-pyridinecarboxaldehyde as a substrate, impacting the yield of 3.2v. Aliphatic 
aldehydes did not prove amenable to the methodology as they participate in off-target reaction 








Table 9 Scope of the ACT/Ru(bpy)3(PF6)2 dual catalytic system to synthesize nitriles from 
aldehydes using ammonium carbamatea 
 
a Reactions performed on 1 mmol scale; all yields are isolated yields after purification. b Ran for 18 h instead of 24 h. 
 
To improve the overall scope of the described process, the alcohols were next tested to perform a 
one-pot two-step oxidation to nitriles (Table 10). To achieve complete consumption, additional 
pyridine and sodium persulfate were required since two distinct oxidative events were now taking 
place. A representative range of alcohols were screened, including both mono- and polysubstituted 
benzyl alcohols in addition to alcohol with an extended conjugation. Good yields of the desired 
nitrile were obtained in each case. The two-step process does not require isolation of the aldehyde 









3.2a: R1 = OMe, 90%
3.2c: R1 = CN, 60%
3.2o: R1 = C(Me)3, 98%
3.2p: R1 = SMe, 72%
3.2q: R1 = COOMe, 81%
3.2h R1 = F, R2 = Br, 92%




3.2f: R1 = Br, 87%
3.2r: R1 = OMe, 85%
CN
3.2e: 53%
Ru(bpy)3(PF6)2 (2 mol%) , ACT (20 mol%)
NH4CO2NH2 (4 eq), MeCN:H2O (95:5/v, 0.74 M)
blue LEDs, ~rt, 24 h





















Table 10 Scope of the ACT/ Ru(bpy)3(PF6)2 dual catalytic system to synthesize nitriles from 
alcohols using ammonium carbamatea 
 
a Reactions performed on 1 mmol scale; all yields are isolated yields after purification. b Ran for 48 h instead of 24 
h; 24 h gave 60% isolated yield of 3.2i.  
 
3.4 Concluding Remarks 
In summary, a merger of photoredox catalysis and ACT was explored for the oxidation of 
aldehydes to nitriles using visible light energy. First, ammonium persulfate was employed that 
served a dual purpose in the reaction. The cation releases ammonia to react with aldehyde to form 
the aldimine intermediate and anion plays the role of the terminal oxidant. The reaction was 
performed at approximately 50 °C and requires anhydrous conditions. A range of nitrile products 
were synthesized in moderate yields from benzaldehydes with the optimized conditions. This 
protocol was modified to develop an efficient route to synthesize nitriles from aldehydes with 
ammonium carbamate as the nitrogen source and ammonium persulfate as the terminal oxidant. 




3.2o: R1 = C(Me)3, 90%
3.2w: R1 = Me, 83%
3.2x: R1 = Br, 88%
3.2i: 87%b
CN
Ru(bpy)3(PF6)2 (2 mol%) , ACT (20 mol%)
NH4CO2NH2 (4 eq), MeCN:H2O (95:5/v, 0.74 M)
blue LEDs, ~rt, 24 h
















molecular sieves into the reaction medium. In fact, a solvent mix of acetonitrile / water was used 
to perform the oxidation. Unlike the previous protocol, this improvised route can be extended to 
alcohols to perform a one-pot two-step oxidation to nitriles via the intermediacy of the aldehyde. 
Also, both protocols have been shown to use ammonium salts as nitrogen source that are stable 
and easy to handle in comparison to other nitrogen sources, such as HMDS and metal cyanides 
that are toxic.  
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CHAPTER FOUR  
4. Photoamidation of Amines in Tandem with Transamidation 
4.1 Introduction 
Amides are ubiquitous in biological systems and are considered as important building blocks of 
numerous pharmaceutical, agrochemical, and polymeric compounds.1-3 In addition, transformation 
of an amide bond can afford an array of synthetically important functionalities including imines, 
aldehydes, amides, nitriles, and oximes.4-6 As a result, simple and effective routes to amides are 
extensively studied both in academic and industrial settings. The traditional way to synthesize 
amides involves the coupling of amines with activated carboxylic acids.7 However, the pre-
functionalization steps required can make the overall synthetic route inefficient. The metal-
catalyzed direct amidation of carboxylic acids with amines has also been explored but frequently 
requires the use of elevated temperature and continuous removal of water.7a More recently, visible-
light energy has been used as a mild and a more sustainable tool to construct amide bonds from 
aldehydes. However, the methods either require chlorinated reagents, such as BrCCl3 and N-
chlorosuccinimide, chlorinated solvents, or prefunctionalization steps.8  
The direct conversion of alcohols to amides by reaction with amines is considered as more efficient 
and effective route. This amidation strategy can be conducted via two process:  a) a 
dehydrogenative pathway b) an oxidative pathway (Scheme 7a). Where, the first step of the process 
involves the extrusion of hydrogen and is performed under reflux conditions and / or in the 
THE CONTENTS OF THIS CHAPTER IS BUILT ON: 
Oxidative amidation of amines in tandem with transamidation: a route to amides using 
visible-light energy, The Journal of Organic Chemistry, 2020, 85, 9219-9229 
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presence of a strong base,9-12 the tandem oxidative pathway (TOP) can be performed using much 
milder conditions.13 Both processes involve the intermediacy of an aldehyde and, as a result, the 
obvious starting materials are alcohols.14-15   
 
 
Scheme 7 Amidation of alcohols and amines 
 
It is important to note that a wide array of amines is commercially available or else simple to 
prepare. In addition, they can be synthesized in the form of a salt by treating with an acid, often 
making them easier to isolate and purify compared to the corresponding alcohol. As such, amines 
prove valuable starting materials in industrial applications, for example in the drug-discovery 
process.16 To the best of our knowledge, the conversion of amines to amides by means of a TOP 
approach has not been explored to date (Scheme 7b).  
Inspired by the success of photoamidation of alcohols and aldehydes, it was decided to explore a 
TOP route for oxidative amidation of amines by employing the developed dual catalytic system to 
synthesize N-acyl pyrazoles. Ru(bpy)3(PF6)2 would be used as the photocatalyst in conjunction 
(a) Amidation of alcohols
Dehydrogenative Pathway
Tandem Oxidative Pathway (TOP)
R OH R O
NHR'R"cat. [M]
-H2
M= Ru, Rh, Ag








M= Cu, Au or Au/Co


















with a catalytic amount of ACT, 1.2b in the presence of sodium persulfate as secondary oxidant. 
The oxidation of the amine starting material to the corresponding imine would be followed by 
hydrolysis to the aldehyde by a residual amount of water in the system.17,18 Alternatively, an amine 
can be independently oxidized to an imine/aldehyde by the sulfate radical anion in combination 
with the photocatalyst, Ru(bpy)3(PF6)2.
19 Once generated via either pathway, the aldehyde would 
engage in a second oxidation event with pyrazole to yield the desired N-acyl pyrazole product. 
Finally, the N-acyl pyrazole could be coupled with different amines to afford a wide variety of 
amides by means of a transamidation reaction. Overall, this two-step oxidative route in tandem 
with transamidation would provide access to amides by the oxidation of amines via the 
intermediacy of N-acyl azoles and could feasibly be performed in a one-pot approach (Scheme 8). 
 
 
Scheme 8 Proposed strategy for preparing amides using amines as an acyl source 
 
4.2 Results and Discussion 
As a starting point, the optimal conditions for the photoamidation of alcohols and aldehydes as 
discussed in Chapter 2 were employed for the photoamidation of amines to N-acyl-pyrazoles. A 
test reaction was performed using benzylamine (4.3a) as a model substrate, with Ru(bpy)3(PF6)2 
(2 mol%) as the photocatalyst, ACT (20 mol%) as the primary oxidant, sodium persulfate (5 eq.) 

















blue LED light. During the optimization studies, a number of side-products were observed. While 
the corresponding nitrile, 4.6a was the major off-target product observed, a mixture of 
benzaldehyde, benzoic acid, and the homo-coupled imine were also detected in GC-MS analysis. 
These are commonly observed in a TOP involving amines and often this impurity profile makes 
the optimization process challenging.13,14a The use of pyrazole (1.5 eq.) as a non-oxidizable N-
coupling partner for the amidation of benzylamine afforded 86% of the N-acyl pyrazole product, 
4.4a and 9% of the nitrile, 4.6a (Table 11, entry 1). The replacement of pyrazole with imidazole 
resulted in no amidation product being formed. Instead, benzaldehyde and benzoic acid were 
obtained (entry 2). This can be explained by the higher basicity of imidazole relative to pyridine 
resulting in the formation of the non-nucleophilic imidazolium ion and will further inhibit the 
formation of acyl pyridinium ion (4.10, Figure 13), this preventing the amidation step to yield the 
N-acyl imidazole. Turning focus to the quantity of pyrazole used, reducing from 1.5 eq. to 1.1 eq. 
resulted in a drop-in product yield from 86% to 75% whereas increasing the pyrazole loading to 
3.5 eq. had no significant effect in outcome (entries 3 and 4). Next, alternative photocatalysts, 
namely [Ir(dtbbpy)(ppy)2]PF6 and 9-mesityl-10-methylacridinium tetrafluoroborate were used in 
lieu of Ru(bpy)3(PF6)2. Neither of these resulted in an improvement in product conversion (entries 
5 and 6). Returning to Ru(bpy)3(PF6)2 but changing the light source from blue LEDs to white LEDs 
showed a very slight diminution in the effectiveness (entry 7) indicating that the former was 
optimal for this photoreaction.  Next, the ACT loading was varied, firstly reducing from 20 mol% 
to 12 mol%, and then increasing to 30 mol%.  Where the former resulted in less product, the latter 
showed a slight increase in conversion to 4.4a (entries 8 and 9); proving 20 mol% to be the optimal 
loading for ACT. Increasing the photocatalyst loading from the original 2 mol % to 4 mol% 
showed no change in outcome (entry 10). However, the reducing in the photocatalyst loading to 
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resulted in an appreciable drop in conversion to 4.4a from 86% to 81% (entry 11). Changing the 
persulfate salt from sodium to potassium reduced the conversion to 4.4a down to 26% (entry 12). 
While 5 eq. of sodium persulfate is required for the methodology, as a mild and an inexpensive 
terminal oxidant it has been used previously in these amounts in other photocatalytic reactions in 
order to obtain optimal results.20 
 
Table 11 Optimization of reaction conditions for the conversion of amines to N-acyl 
pyrazolesa 
 




1 1.5 0.02 0.20 5 5 86 9 
2c 1.5 0.02 0.20 5 5 0 2 
3 1.1 0.02 0.20 5 5 75 12 
4 3.5 0.02 0.20 5 5 85 7 
5d 1.5 0.02 0.20 5 5 45 17 
6e 1.5 0.02 0.20 5 5 2 <1 
7f 1.5 0.02 0.20 5 5 82 11 
8 1.5 0.02 0.12 5 5 77 12 
9 1.5 0.02 0.30 5 5 89 9 
10 1.5 0.04 0.20 5 5 86 5 
11 1.5 0.01 0.20 5 5 81 8 
12 1.5 0.02 0.20 K2S2O8 5 26 24 
13 1.5 0.02 0.20 5 2,6-lutidine 23 10 
14 1.5 0.02 0.20 5 collidine 12 22 
NH2 Ru(bpy)3(PF6)2, ACT
 Na2S2O8, pyridine











15 1.5 0.02 0.20 5 3,5-lutidine 75 4 
16 1.5 0.02 0.20 5 DABCO - - 
17 1.5 0.02 0.20 5 DBU 10 3 
18 1.5 0.02 0.20 5 DMAP <1 3 
19 1.5 0.02 0.20 5 Cs2CO3 - trace 
20g 1.5 0.02 0.20 5 5 86 9 
21h 1.5 0.02 0.20 5 5 86 8 
22i 1.5 0.02 0.20 5 5 91 9 
23 1.5 NA 0.20 5 5 6 3 
24 1.5 0.02 NA 5 5 20 3 
25j 1.5 0.02 0.20 5 5 - - 
26 1.5 0.02 0.20 NA 5 - - 
 
a Reaction conditions: 4.3a (0. 5 mmol, 1 eq.), pyridine (5 eq.), pyrazole (1.5 eq.), Ru(bpy)3(PF6)2 (0.02 eq.), ACT 
(0.20 eq.), Na2S2O8 (5 eq.) in MeCN (1 mL, 0.5 M) for 24 h, irradiating with blue LEDs. b Conversions are determined 
by GCMS. c Imidazole was used in place of pyrazole, expected product was N-acyl imidazole. d [Ir(dtbbpy)(ppy)2]PF6 
was used in place of Ru(bpy)3(PF6)2. e 9-mesityl-10-methylacridinium tetrafluoroborate was used in place of 
Ru(bpy)3(PF6)2. f White LEDs were used in place of blue LEDs. g Reaction vial was equipped with a vent needle. h 30 
mol% of anhydrous LiBF4 was added. i Reaction was performed with both a vent needle and the addition of 30 mol% 
anhydrous LiBF4. j Performed in absence of light. 
 
The base was next altered for the reaction. Of the pyridine bases screened, those bearing 
substituents at the 2- and 6-position led predominantly to benzaldehyde formation (entries 13 and 
14) whereas bases with no substitution at these positions yielded 4.4a as the major product (entries 
1 and 15). This structural dependence of pyridine bases suggests that amidation of benzaldehyde 
occurs via the formation of an acyl pyridinium, 4.10 ion followed by attack of pyrazole to afford 
the N-acyl pyrazole, 4.4a (Figure 13). The formation of the acyl pyridinium intermediate is also 
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suggested by previous reports on oxidative functionalization of alcohols and aldehydes.21,22  The 
use of strong bases such as DABCO, DBU and DMAP  significantly reduced the formation of the 
acyl pyrazole product (entries 16-18), this being in line with the fact that tertiary amines can cause 
the reductive quenching of the excited photocatalyst [Ru(bpy)3
2+]* leading to reduction of organic 
functionalities instead of oxidation reactions.23 While a mineral base, Cs2CO3, resulted in partial 
oxidation of the benzylamine, the homo-coupled imine, 4.7a was observed as the major product 
(entry 19). It was concluded that pyridine is the ideal choice for the desired transformation. While 
5 eq. of pyridine is required for the methodology, it is noteworthy that it is a multifaceted reagent 
in this system. It activates the aldehyde via the formation of an N-acyl pyridinium ion, sequesters 
any acid generated in the reaction, and avoids the inhibition of the oxidation reaction by preventing 
protonation of the amine starting material and aldimine intermediate.17,18,21 
Next, two operational changes were made in the system. With an aim to drive the reaction towards 
forward direction, a vent needle was placed in the top of the otherwise sealed reaction vessel to 
release the ammonia by-product into the air and a catalytic amount of lithium tetrafluoroborate as 
an additive was employed to activate the imines and aldehyde intermediates.24 While individually 
these modifications did not have a noticeable impact on outcome (entries 20 and 21), when used 
in tandem a significant increase in product conversion was observed (entry 22). These final 
changes then provided the optimized conditions for the transformation and a 91% conversion to 
4.4a. Of note, other lithium salts were less effective; both lithium sulfate and lithium perchlorate 
gave lower conversion to the desired product (86% and 75% respectively). Using lithium 
persulfate as a simple replacement for the mix of sodium persulfate and lithium tetrafluoroborate 
was not a viable option given that Li2S2O8 is not commercially available. 
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The optimization study was concluded by performing a series of control experiments. These 
confirmed that the photocatalyst, ACT and light are essential for the successful outcome of the 
transformation. In their absence, benzaldehyde is observed as the major product (entries 23-25). 
Removal of sodium persulfate from the reaction resulted in the formation of 95% of homo-coupled 
imine, 4.7c, indicating that the terminal oxidant is required to achieve complete oxidation of 4.3a 
to 4.4a (entry 26). 
To study the effect of the nitrogen base and also the lithium ion on the formation of the intermediate 
acyl pyridinium ion via the nucleophilic attack on benzaldehyde, quantum chemical calculations 
were performed using Gaussian 16.25 The method involved geometry optimization and vibrational 
frequency calculations in the gas phase at the B3LYP/6-31+g(d,p) level of theory, and B3LYP/6-
31+g(d,p) for the transition states.26 This study showed that the lithium ion reduces the energy 
barrier for the nucleophilic attack of pyridine on the carbonyl group of benzaldehyde in comparison 
to the sodium ion by 4.3 kcal/mol (Figure 12a). Next, the energies were calculated for the attack 
of different nitrogen bases on the lithium-bound benzaldehyde. Pyridine bases bearing substituents 
in the 2- and 6-positions, such as 2,6-lutidine and collidine, showed a higher activation enthalpy 
than that of the less sterically-encumbered analogues, pyridine and 3,5-lutidine (Figure 12b). These 
computational results supported the experimental results, where the amidation reaction was found 
to be faster with more nucleophilic bases than the sterically-encumbered ones (Table 11, entries 1 
and 13-15). Furthermore, the direct attack of pyrazole in place of pyridine showed a higher energy 
barrier which was also borne out by experimental results. A reaction with 6.5 equivalents of 
pyrazole in the absence of pyridine resulted in a significant drop in the selectivity for the amidation 
process with the formation of 46% of benzaldehyde, 19% benzoic acid, and 15% N-acyl pyrazole 
(4.4a). All these results provide evidence for the formation of the acyl pyridinium ion via the 
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nucleophilic attack of pyridine on the lithium-activated aldehyde followed by reaction of pyrazole 
with the acyl pyridinium ion to afford the N-acyl pyrazole (Figure 13). 
 
 
Figure 12 Reaction profiles for the reaction of benzaldehyde (a) with pyridine in the presence 
of sodium and lithium ions, and (b) with different pyridine bases and pyrazole in the presence 
of a lithium ion 
 
After establishing the optimized conditions for the synthesis of N-acyl pyrazoles, the substrate 
scope of the methodology was investigated in tandem with a transamidation reaction. The 
motivation for this comes about from the fact that while N-acyl pyrazoles are of interest in their 
own right, they also serve as valuable intermediates for the generation of more conventional 
amides. Initially, a series of benzylamines bearing different substituents were screened in the 
photoamidation with pyrazole to afford N-acyl pyrazoles. The crude acyl pyrazole products were 
obtained by simple filtration of the reaction mixture with diethyl ether through a fritted funnel 
followed by the removal of the solvent. The filtration step is necessary to avoid the subsequent 
oxidation of the amine coupling partner in the transamidation step, either by the photocatalyst or 
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the oxoammonium cation. Cyclohexylamine was selected as the initial amine coupling partner for 
the transamidation of N-acyl pyrazole products to afford amides, 4.5a-j. The results are 
summarized in Table 12. The transamidation step was performed using acetonitrile as the solvent. 
In the case of benzylamine (4.3a), the desired amide 4.5a was obtained in 69% isolated yield over 
both steps. While the addition of triethylamine in the transamidation step did not further improve 
the overall yield of 4.5a, a slight increase to 70% was observed when molecular sieves were 
added.27 With this modification in hand, a range of substituted benzylamines were screened for the 
TOP in tandem with transamidation under the optimized conditions, in each case the desired 
cyclohexylamide product (4.5c-j). These included representative ortho, meta-, and para-
substituted benzylamines, along with a poly-substituted example. At this juncture, it was of interest 
to see if the reaction time for the first step; the formation of the acyl pyrazole intermediate can be 
reduced. This step was performed using benzylamine (4.3b) for 16 h instead of 24 h, and then 
concatenated this with the transamidation with cyclohexylamine. Instead of the 63% isolated yield 
obtained over both steps when performing the first step for 24 h, a 59% yield was obtained when 
the reaction time was reduced to 16 h. This confirmed that the full 24 h for the first step is required 
for optimal results. The expansion of the methodology to aliphatic amines was also explored, 
however they were not found to be amenable to the methodology. In the case of n-butylamine as 
a test case, the reaction led to off-target oxidation events. The success of benzyl-functionalized 
substrates but the failure of aliphatic examples indicates that the benzyl group activates the α-
carbon of the benzyl amines to undergo hydride transfer and facilitates the process by which the 
aminium radical cation undergoes hydrogen-atom transfer (HAT) to form the aldimine (Figure 
13). The lack of success of oxidation in the case of aliphatic substrates is not unprecedented; the 
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oxidation of amines with sodium periodate and TEMPO is not applicable for non-benzylic 
amines.6 
 
Table 12 Substrate scope of benzylamines for the conversion to cyclohexylamides by means 
of a concatenated photoamidation and transamidation protocola,b 
 
a Reaction conditions for the photoamidation step: 4.3 (1 mmol, 1 eq.), pyridine (5 eq.), pyrazole (1.5 eq.), anhydrous 
LiBF4 (0.30 eq.), Ru(bpy)3(PF6)2 (0.02 eq.), ACT (0.20 eq.), Na2S2O8 (5 eq.) in MeCN (1 mL, 0.5 M) for 24 h with a 
vent needle on top and irradiated with blue LEDs; reaction conditions for the transamidation step: cyclohexylamine 
(3 eq.), MeCN (1 M), 3 Å M.S. (220 mg) for 16 h. b Overall isolated yields. 
 
Moving beyond cyclohexylamine, a range of amines in the transamidation step was screened 
(Table 13). Various acyclic primary and secondary amines, using p-trifluoromethylbenzylamine 
as the progenitor to the N-acyl pyrazole intermediate (4.5k-n) were examined. In each case, greater 
than 70% isolated yield was obtained over the two steps. A cyclic amine, piperidine was amenable 
to this tandem oxidative route (4.5o), as was benzylamine, a more challenging nucleophile (4.5p). 





pyrazole (1.5 eq.), pyridine (5 eq.)
LiBF4 (30 mol%), ACT (20 mol%)
Ru(bpy)3(PF6)2 (2 mol%), Na2S2O8 (5 eq.)
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with tryptamine (4.5q-s) were focussed. The respective transamidation products were obtained in 
good yield in good to fair yields. A synthetically important amide, N-adamantylbenzamide, 4.5t, 
was also synthesized using the protocol; the amide being previously employed in iridium-catalyzed 
C-H amination reaction.28 To test the generality of the method, an electron rich azole, p-tolyl-N-
pyrazole was also used as the N-acyl intermediate. Employing N-butylamine and benzylamine in 
the transamidation step, the desired products 4.5u and 4.5v were obtained in good yields. 
 
Table 13 Substrate scope of transamidation coupling partner in a concatenated 
photoamidation and transamidation protocola,b 
 
a Reaction conditions for the photoamidation step: 4.3 (1 mmol, 1 eq.), pyridine (5 eq.), pyrazole (1.5 eq.), anhydrous 
LiBF4 (0.30 eq.), Ru(bpy)3(PF6)2 (0.02 eq.), ACT (0.20 eq.), Na2S2O8 (5 eq.) in MeCN (1 mL, 0.5 M) for 24 h with a 
vent needle on top and irradiated with blue LEDs; reaction conditions for the transamidation step: coupling amine (3 





NHRR' (3 eq.), MeCN (1M)
pyrazole (1.5 eq.), pyridine (5 eq.)
LiBF4 (30 mol%), ACT (20 mol%)
Ru(bpy)3(PF6)2 (2 mol%), Na2S2O8 (5 eq.)









































































The plausible mechanism of the oxidation of amines with the developed dual catalytic system of 
ACT/Ru(bpy)3(PF6)2 is outlined in Figure 13. The following possible sequence of steps are 
proposed based on photoamidation of alcohols and aldehydes as discussed in Chapter 2 and 
leverages prior art and electrochemical data: (a) excitation of the photocatalyst, RuII complex to 
*RuII upon irradiation with blue light; (b) oxidative quenching of *RuII to RuIII by the terminal 
oxidant, Na2S2O8 via single-electron transfer; disproportionation of the persulfate ion to generate 
a sulfate anion (SO4
-) and a sulfate radical anion (SO4
•-); (c) oxidation of the ACT (1.2b) (E1/2
ox 
[ACT/ACT+] = 0.61 V vs. SCE) to form the primary oxidant, oxoammonium cation (1.1) in situ 
by the RuIII (E1/2
red [RuIII/RuII] = 1.29 V vs. SCE)17,23,29 regenerating the photocatalyst, RuII; (d) 
formation of the aldimine, 4.9 and the N-acyl pyridinium ion, 4.10 by hydride-transfer to 1.1 
affording the hydroxylamine, 1.3b; (e) regeneration of the ACT from 1.3b via hydrogen-atom 
transfer (HAT) to the SO4





Figure 13 Plausible reaction mechanism for the conversion of the amines to N-acyl pyrazoles 
 
It was important to determine the reason behind the requirement of five equivalents of pyridine 
and sodium persulfate for the reaction. Under basic medium, the hydroxylamine, 1.3b and 
oxoammonium cation, 1.1 comproportionates to afford ACT, 1.2b that has been reported in 
previous reports (Figure 4).18,21  
The comproportionation reaction along with the proposed mechanism of the photoamidation of 
amines (Figure 13) enable to account for the five equivalents of pyridine and sodium persulfate 













































































Accounting for the stoichiometry of pyridine: 
a) 1 eq. of pyridine for the oxidation of amine to the aldimine intermediate- to facilitate the 
hydride transfer.  
b) 1 eq. of pyridine for the oxidation of amine to N-acyl pyrazole- to form the acyl pyridinium 
ion. 
c) 2 eq. of pyridine for the comproportionation of 1.1 and 1.3b to 1.2b. 
d) Extra eq. of pyridine to avoid any protonation of amine substrate during the course of the 
reaction.  
Accounting for the stoichiometry of sodium persulfate: 
a) 1 eq. of persulfate for the overall oxidation of amine to the aldimine- to convert either 
hydroxylamine, 1.3b to ACT, 1.2b or to oxidize aminium radical, 4.8 cation to aldimine, 4.9 
via hydrogen atom transfer (HAT).  
b) 1 eq. of persulfate for the overall oxidation of aldehyde to the N-acyl pyrazole- to convert 
hydroxylamine, 1.3b to ACT, 1.2b via HAT. 
c) 2 eq. of persulfate for resetting the ACT cycle by converting the 2 eq. of ACT, 1.2b that is 
formed via comproportionation, back to 1.1 and 1.3b. 
d) The final equivalent of sodium persulfate is needed to help compensate for its partial solubility 
in the acetonitrile solvent used, and thereby helps to achieve full oxidation of the amine starting 
material to the N-acyl pyazole product.  
4.3 Concluding Remarks 
In summary, a two-step one-pot methodology has been developed for the generation of amides 
using amines as an acyl source. The protocol involves the visible-light promoted oxidative 
amidation of amines with pyrazole to synthesize N-acyl pyrazoles, followed by transamidation. 
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Employing a dual catalytic system of ACT and Ru(bpy)3(PF6)2 in the presence of a terminal 
oxidant such as sodium persulfate, the N-acyl pyrazoles could be prepared efficiently and 
effectively using blue LED light. The transamidation step was performed without the need to 
purify the N-acyl pyrazole intermediate, and a range of amides were generated in good to excellent 
yield. Computational studies of lithium vs sodium ions and lithium activation of aldehyde in 
presence of different substituted pyridine bases has been done. The results provided evidence for 
the formation of N-acyl pyridinium ion. And, a correlation has been seen between experimental 
and computational data for the N-acyl pyrazole formation with these bases.  
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5. Synthesis of Carboxylic Acids from Alcohols Using Visible-light 
Energy 
5.1 Introduction 
Carboxylic acids are an important class of compound, found in natural products and used widely 
in the chemical industry.1 They are frequently prepared by oxidation of alcohols. Early approaches 
to this transformation involved the use of stoichiometric quantities of metal-based oxidants such 
as chromate and permanganate,2-4 but the toxicity of the reagents as well as the significant amount 
of metal waste formed make these routes unattractive (discussed in chapter 1). Organic oxidants 
can be used in the place of metal-based congeners. Hypervalent iodine reagents such as IBX 
derivatives;5 halogenated reagents such as PCC,6 PFC,7 CBr4-Ph3P,
8 and MgBr2.Et2O;
9 and 
azobenzene10 have been extensively explored for the oxidation of alcohols. However, these 
reagents have some downsides, such as their hazardous nature and/or cost.  
Oxoammonium cations such as 4-acetamido-2,2,6,6-tetramethyl1-oxopiperidin-1-ium, 1.1, offer 
an alternative approach.11,12 Catalytic approaches have also been reported involving catalytic 
amount of nitroxyl species, 1.2 with and without a co-catalyst to conduct the oxidation in presence 
of various terminal oxidants (discussed in chapter 1).13-15  
As a continuation of the efforts in photooxidation chemistry, an investigation of the dual catalytic 
system of ACT/Ru(bpy)3(PF6)2 was performed for the oxidative functionalization of alcohols to 
carboxylic acids. The reaction conditions comprised of Ru(bpy)3(PF6)2 as a photocatalyst and ACT 
as the primary oxidant, with sodium persulfate as a terminal oxidant (Scheme 9). In this chapter, a 




Scheme 9 Envisioned photo-oxidation of alcohols to carboxylic acids 
 
5.2 Results and Discussion 
Reaction optimization was initiated with 4-methoxybenzyl alcohol (5.3a) as a test substrate. 
Ru(bpy)3(PF6)2 and ACT were used as the photocatalyst and pro-oxidant, respectively. Pyridine 
was used as the base and acetonitrile / water mix (95:5 v/v) as the solvent for the reaction. Using 
sodium persulfate as the terminal oxidant resulted in a mixture of 4-methoxybenzaldehyde (5.4a, 
57%) and 4-methoxybenzoic acid (5.5a, 43%) (Table 14, entry 1). Replacing the terminal oxidant 
by other candidates did not prove fruitful; tert-butyl hydroperoxide (TBHP) did not result in any 
conversion to the desired acid product, 5.5a (entries 2 and 3), and bleach resulted in only 11% of 
acid, 5.5a along with 89% of the aldehyde, 5.4a (entry 4). Turning attention to the photocatalyst, 
replacing the ruthenium complex with an iridium-based photocatalyst did not improve the outcome 
(entry 5). The same was true when reverting to the ruthenium photocatalyst but using a more polar 
solvent system of DMSO / water in place of acetonitrile / water (entry 6). In addition, irradiating 
the reaction vessel with a more powerful light source, 34 W blue LED lamp instead of the LED 
strips did not further improve the acid conversion (entry 7). These results suggested that the 
selection of secondary oxidant, photocatalyst, and solvent system utilized in the previous 
photoamidation protocol (Chapter 2) were optimal also for the photooxidation of alcohols to 
carboxylic acids. 
 








Table 14 Screening of photocatalyst and terminal oxidanta 
 
Entry Photocatalyst Terminal Oxidant Conversion (%)b 
5.4a 5.5a 
1 Ru(bpy)3(PF6)2 Na2S2O8 57 43 
2 Ru(bpy)3(PF6)2 TBHP 0 0 
3 Ru(bpy)3(PF6)2 TBHP in decane (5.5 M) 14 0 
4 Ru(bpy)3(PF6)2 solid sodium hypochlorite 89 11 
5 Ir[dF(CF3)ppy]2(dtbpy)PF6 Na2S2O8 80 20 
6c Ru(bpy)3(PF6)2 Na2S2O8 97 3 
7d Ru(bpy)3(PF6)2 Na2S2O8 57 43 
 
a Reactions performed using 0.5 mmol 5.3a (1 eq.), pyridine (5 eq.), photocatalyst (2 mol%.), terminal oxidant (5 eq.), 
ACT (20 mol%.), MeCN:H2O (95:5 v/v, 0.5 M)  for 24 h at ~RT using blue LEDs with a fan on top. b Determined by 
GC-MS. c DMSO:H2O (95:5 v/v, 0.5 M) in place of MeCN:H2O. d Blue lamp in place of blue LEDs.  
 
Next, the efforts were focussed to optimize the other components of the reaction mixture (Table 
2). First, the oxidation was performed by increasing the loading of ACT from 20 mol% to 30 
mol%. This had an incremental effect on conversion to the acid product, 5.5a (Table 2, entries 1 
and 2). However, returning to a 20 mol% loading of ACT but increasing the photocatalyst loading 
to 5 mol% did improve product conversion from 43% to 56% (entry 3). Knowing that water serves 
as a nucleophile for the conversion of the aldehyde intermediate to the desired carboxylic acid 
product, next the water content of the solvent mix was varied.  An increase in conversion to 5.5a 
was observed when the ratio of acetonitrile / water mix was changed from a 95:5 to a 90:10 (entry 





Ophotocatalyst (2 mol %), ACT (20 mol %)
5.3a 5.5a5.4a
MeCN:H2O (95:5 v/v, 0.5 M)
pyridine (5 eq.), terminal oxidant (5 eq.)





7), but reverting back to the original 95:10 acetonitrile / water mix and increasing the concentration 
of the reaction mixture from 0.5 M to 0.74 M did lead to a substantial increase in conversion to 
5.5a (entry 8). 
The pyridine base plays important roles in the system- a) facilitates the hydride transfer from the 
alcohol to form the aldehyde intermediate and b) forms the N-acyl-pyridinium ion by attacking the 
aldehyde followed by water hydrolyses to furnish the carboxylic acid.16,17 To find the ideal base 
for this system, a range of nitrogenous bases were screened for their efficacy. Both DBU and 2,6-
lutidine proved less effective than pyridine (entries 9 and 10), this being attributed to the increased 
steric hinderance around the nitrogen center. However, methyl substituents on a pyridine ring do 
increase the electron density of the nitrogen atom and hence increase basicity. Therefore, it was 
decided to screen less hindered isomers of lutidine. Replacing pyridine by 3,5-lutidine led to a 
significant increase in conversion to 5.5a from 43% to 74% (entry 11). Implementing this change 
in base along with the finding that the reaction works best at higher concentration resulted in a 












Table 15 Optimisation of reagents and their loadingsa 











1 Pyridine, 5 2 20 5 95:5, 0.5 M 57 43 
2 Pyridine, 5 2 30 5 95:5, 0.5 M 55 45 
3 Pyridine, 5 5 20 5 95:5, 0.5 M 44 56 
4 Pyridine, 5 2 20 5 90:10, 0.5 M 40 60 
5 Pyridine, 5 2 20 5 80:20, 0.5 M 41 59 
6 Pyridine, 5 2 20 5 70:30, 0.5 M 49 51 
7 Pyridine, 5 2 20 5 50:50, 0.5 M 49 51 
8 Pyridine, 5 2 20 5 95:5, 0.74 M 42 58 
9 DBU, 5 2 20 5 95:5, 0.5 M 67 33 
10 2,6-lutidine, 5 2 20 5 95:5, 0.5 M 89 11 
11 3,5-lutidine, 5 2 20 5 95:5, 0.5 M 26 74 
12 3,5-lutidine, 5 5 20 5 90:10, 0.74 M 22 78 
13 3,5-lutidine, 5 5 20 4 90:10, 0.74 M 5 95 
14 3,5-lutidine, 5 5 20 3 90:10, 0.74 M 7 93 
15 3,5-lutidine, 4 5 20 4 90:10, 0.74 M 54 46 
16 3,5-lutidine, 6 5 20 4 90:10, 0.74 M 0 100 
 
a Reactions performed using 0.5 mmol 5.3a (1 eq.), base, ACT, Ru(bpy)3(PF6)2, Na2S2O8, MeCN:H2O for 24 h at ~RT 
using blue LEDs with a fan on top. b Determined by GC-MS. 
 
At this stage, the main challenge was to ensure that all of the remaining aldehyde intermediate 
(5.4a, 22%) was converted to the carboxylic acid product. To address this, the quantity of sodium 
persulfate used in the reaction was investigated. Interestingly, a decrease in the loading of this 
terminal oxidant from 5 eq. to 4 eq. led to a significant improvement in outcome, a 95% conversion 
to 5.5a being obtained (entry 13). A further decrease of the sodium persulfate quotient to 3 eq. was 
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somewhat deleterious, suggesting that 4 eq. was optimal (entry 14). With this modification made 
and then returning to the quantity of base used, reducing the 3,5-lutidine loading from 5 eq. to 4 
eq. had a significantly negative impact but increasing it to 6 eq. led to complete conversion to 5.5a 
(entries 15 and 16). Having completed the optimization process, the finalised reaction conditions 
obtained were: Ru(bpy)3(PF6)2 (5 mol %), ACT (20 mol %), 3,5-lutidine (6 eq.), Na2S2O8 (4 eq.), 
MeCN:H2O (90:10 v/v, 0.74 M) placed under blue LEDs at room temperature for 24 h. 
To confirm that the primary oxidant, photocatalyst, base, terminal oxidant, and light each played 
a role in the successful outcome of the reaction, a series of control experiments were commenced. 
Of particular interest, a significant amount of starting material was converted to the carboxylic 
acid in absence of ACT (Table 16, entry 1). This can be attributed to the ability of the persulfate 
radical to engage in oxidative reactions in the absence of ACT and is line with the previous 
observation (Figure 9). However, the drop in conversion to less than 50% does show the 
importance of ACT in the process. The removal of Ru(bpy)3(PF6)2, light, and 3,5-lutidine led to a 
markedly reduced conversion to the carboxylic acid, 5.5a (entries 2-4). Formation of the aldehyde, 
5.4a still occurs in their absence, indicating that this step could feasibly be carried out by the 
sodium persulfate, playing the role of the active oxidant. However, both the photocatalyst and base 
are essential for the second step of the tandem process to yield 5.5a. As expected, when Na2S2O8 
was not present, almost all the starting material remained at the end of the reaction (entry 5). 
Overall, despite some evidence of background activity allowing for the initial step of alcohol 
oxidation to the aldehyde, the control experiments do confirm that all the components were 





Table 16 Control experimentsa 
Entry Reagent removed Conversion (%)b 
5.4a 5.5a 
1 ACT 55 45 
2 Ru(bpy)3(PF6)2 77 23 
3 Light  83 17 
4 3,5-lutidine 90 10 
5 Na2S2O8 1 0 
 
a Reactions performed using 0.5 mmol 5.3a (1 eq.), 3,5-lutidine (6 eq.), ACT (0.20 eq.), Ru(bpy)3(PF6)2 (0.05 eq.), 
Na2S2O8 (4 equiv), MeCN:H2O (90:10 v/v, 0.74 M)  for 24 h at ~RT using blue LEDs with a fan on top. b Determined 
by GCMS. 
 
With the optimized reaction conditions established, the substrate scope of the methodology was 
accessed (Table 17). After initial testing of few substrates, an incomplete conversion to the acid 
products was found with an appreciable amount of aldehyde remaining in the reaction mixture. 
Extending the reaction time to 48 h resolved this issue and became a new operating standard. The 
electronic and steric properties of aromatic alcohol substrates were varied, with isolated yields 
were in the range of 43-84%. An array of electron-rich and electron-deficient para-substituted 
benzyl alcohols were screened (5.3a-i). These included methyl, tert-butyl, methoxy, 
trifluoromethyl, fluoro, bromo, chloro, and nitro substituents. All were well-tolerated under the 
reaction conditions, with good to excellent isolated yields of the desired carboxylic acids being 
obtained that shows the broad functional group tolerance of the methodology. Both ortho- and 
meta-substituted examples were also screened. While 2-bromobenzyl alcohol gave a 75% yield of 
the acid product 5.5j, on par with the para-substituted analogue, 3-methoxybenzoic acid (5.3k) 
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was obtained in markedly lower quantity compared to its para-substituted congener (43% vs 66%). 
On the other hand, 3-chlorobenzyl alcohol (5.3l) afforded 90% of 5.5l. 





a Reactions performed using 1 mmol 5.3 (1 eq.), 3,5-lutidine (6 eq.), ACT (0.20 eq.), Ru(bpy)3(PF6)2 (0.05 eq.), Na2S2O8 
(4 equiv), MeCN:H2O (90:10 v/v, 0.74 M)  for 48 h at ~RT using blue LEDs with a fan on top; isolated yields otherwise 
noted. b Determined by GCMS. 




Ru(bpy)3(PF6)2 (5 mol %), 
ACT (20 mol %), 3,5-lutidine (6 eq.),
~RT, 48 h, blue LEDs, NaS2O8 (4 eq.), 














































































































Two representative heterocyclic alcohols, 5.3m and 5.3n, were also screened under the optimized 
conditions. Where GCMS analysis of the former case indicated 15% of 5.5m along with 50% of 
intermediate aldehyde, the latter showed 78% of the product, 5.5n. Aliphatic alcohols, 1-decanol 
and 3-(trimethylsilyl)-1-propanol did not work with the reaction conditions and resulted in off-
target oxidation reactions.  
The mechanism for the photooxidation of alcohols to carboxylic acids involves two separate 
oxidation events: first, the oxidation of alcohol to aldehyde in presence of a base (Scheme 4) and 
second, the oxidation of aldehyde to the N-acyl pyridinium followed by the hydrolysis with water 
to yield the carboxylic acid (Scheme 10).   
 
 
















































5.3 Concluding Remarks 
In summary, a methodology for converting alcohols to the carboxylic acids has been devised using 
blue light energy. A dual catalytic system involving a merger of photoredox catalysis and ACT is 
employed to carry out this oxidation process and is applicable to a range of alcohol substrates. This 
protocol avoids the use of chlorinated reagents and reactions are performed at mild conditions. 
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6. Miscellaneous Projects  
6.1 Employment of a Continuous-flow Reactor for Organosulfur Chemistry 
Introduction 
One important class of sulfur-containing compounds, thiazolidine-2-thiones has been extensively 
used in medicinal chemistry and asymmetric synthesis as chiral auxiliaries.1,2 Current methods to 
synthesize thiazolidine-2-thiones necessitate either harsh conditions and/or involve unstable and 
hazardous intermediates such as aziridines (Figure 14).3-7 Moreover, pre-functionalization of 
olefin is necessary to form the starting material, amino alcohol for such protocols.8,9  
 
 
Figure 14 Figure Current routes to synthesize thiazolidine-2-thione derivatives 
 
Continuous-flow processing has gained considerable attention from the synthetic community 
because of their several advantages over traditional batch synthesis such as reliable scale-up, 
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current strategies to synthesize thiazolidine-2-thiones provided a motivation to devise a clean, safe, 
step-efficient and more economical route to create these molecules in continuous-flow settings.  
Recently, the group of Vos has reported a very mild synthetic route to make aziridines directly 
from styrenes using ammonia under micellar conditions.11 The latter was added to improve the 
mixing of aqueous ammonia and the non-polar olefin. A catalytic amount of iodide salt with bleach 
as an oxidant has been suggested to generate 2-iodo-1-phenylethylamine intermediate that 
undergoes cyclization to afford the aziridine (Figure 15). The protocol only reported the GC 
conversions but not the isolated yields; the reason might be the instability of aziridines. However, 
the product was trapped by aq. HCl to form 2-chloro-2-phenylethylamine that confirmed the 
formation of aziridines.  
 
 
Figure 15 Aziridine formation from alkene at mild conditions 
H
N
NH4I (50 mol%), 25% aq. NH3 (0.5 ml)
 water (4.5 ml), Brij 35 (2 wt%), 2h,
(0.5 mmol)
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With these specifics in mind, a method to synthesize thiazolidine-2-thiones has been proposed 
directly from olefins via the in-situ generation of aziridine followed by the addition carbon 
disulfide source in continuous-flow setting.  The system would allow us to form the unstable and 
hazardous aziridines in situ without the need of isolation (Figure 16).  
 
 
Figure 16 Synthesis of thiazolidine-2-thione in a continuous-flow reactor 
 
Results and Discussion 
First step: Aziridine formation from styrene 
To perform the first step of the synthesis, conditions from prior method using micellar system was 
employed to afford aziridine from styrene, 6.1a.11 As expected, full conversion to 2-
phenylaziridine, 6.2a was obtained, detected by GCMS (Table 18, entry 1). Oftentimes, the 
micellar system forms an emulsion and causes problems in isolation steps. Therefore, a phase 
transfer catalyst, n-tertrabutylammonium iodide was employed in place of micelle, Brij 35. 6.2a 
















products (entry 2). Next, a solvent mix of water / THF was tested in place of Brij 35 in water. This 
alteration significantly dropped the aziridine formation and increased the percentage of 6.3a and 
6.4a (entry 3). Thus, it was decided to use micellar conditions for the formation of the aziridine 
from styrene by avoiding any by-product formation.  
 
Table 18 Aziridine formation from styrene a 
 
Entry Solvent (ml) PTC/micellar 
system 
Conversion (%) b 
6.2a 6.3a 6.4a 
1 water (4.5 ml) Brij 35 100 - - 
2 water (4.5 ml) nBu4NI 95 3 2 
3 water: THF (2.5 ml: 2 ml) - 86 7 7 
 
a Reactions performed on 0.5 mmol scale.  b Conversion determined by GCMS analysis. 
 
Selection of the carbon disulfide source 
To synthesize thiazolidine-2-thione, cesium methyl xanthate (MeO-C(=S)-S-Cs+) was chosen as 
the carbon disulphide source. The latter has been employed for the synthesis of oxygen analogue 
of thiazolidine-2-thiones, known as 1,3-oxathiolane-2-thiones from styrenes in conjunction with 




NH4I (0.50 eq.), NaOCl (1.25 M), aq. NH3 (1 M)
PTC (0.05 eq.) or micellar system (2 wt%)
 solvent (0.11 M), 2h







Figure 17 Synthesis of 1,3-oxathiolane-2-thiones from styrenes 
 
Direct synthesis of thiazolidine-2-thiones from styrenes 
With an intention of making phenylthiazolidine-2-thione, the cesium methyl xanthate salt (MeO-
C(=S)-S-Cs+) was prepared by following the above-mentioned method and added into the reaction 
mixture containing the crude aziridine (Table 19). However, the reaction gave 48% of the 
dehydrogenated product of phenylthiazolidine-2-thione, 6.6a along with unreacted aziridine, 6.2a 
(entry 1). Doubling the equivalents of cesium methyl xanthate salt was not found helpful and 
resulted in the appearance of a new by-product, 6.7a which is a methoxy-substituted ring-opened 
product (entry 2). Finally, performing the reaction at 50 °C for 24 h resulted in 72% of the desired 
product, 6.5a with complete consumption of 2-phenylaziridine, 6.2a along with by-products, 6.7a, 










1. CS2 (1 eq.), Cs2CO3 (1 eq.)
green LEDs, rt, 8-10 h
2. O2 (air), eosin Y (2 mol%)









Table 19 Direct synthesis of thiazolidine-2-thiones from styrenes 
 
Entry CS2 (eq.): Cs2CO3(eq.):  
MeOH (ml) 
Time (h) Conversion (%)a 
6.2a 6.5a 6.6a 6.7a 6.8a 
1 1:1:1.5 3 52 - 48 - - 
2 2:2:3 3 83 - 12 5 - 
3b 1:1:1.5 3 56 - 17 - 27 
24 - 72 5 12 10 
 
 a Conversions by GCMS. b Second step was ran at 50 °C, several other impurities were detected in GCMS when ran 
for 24 h. 
 
With the aim to improve the impurity profile of the reaction, a thorough literature review was 
performed to find any prior art related to this issue. Interestingly, many reports on the selectivity 
issue for the reaction between oxirane and carbon disulphide to form 1,3-oxathiolane-2-thiones, 
oxygen congener of thiazolidine-2-thione have been found. The use of metal halides as catalyst 
has been reported to improve the selectivity of the desired five membered ring.13 In similar work, 
Yavari et al. has reported a methoxide-promoted synthesis of 1,3-oxathiolane-2-thiones from 
oxiranes. A catalytic amount of sodium hydride has been used with methanol to release methoxide 





















NH4I (0.50 equiv), NaOCl (1.25 M)
aq. NH3 (1 M), water (0.11 M),










Preparation of cesium xanthate salt
+




Based on this survey, it was decided to use a catalytic amount of base, cesium carbonate instead 
of stoichiometric amount to form a controlled amount of methoxide ion in-situ. This might help in 
improving the selectivity of the reaction to form thiazolidine-2-thiones. Indeed, this was the case 
and a full conversion to phenylhiazolidine-2-thiones was obtained with no by-products appeared 
in the GCMS of the reaction mixture. The 1H-NMR spectroscopy of the crude product further 
confirmed the formation of phenylthiazolidine-2-thione isomer (Scheme 11). 
 
 









NH4I (0.50 equiv), NaOCl (1.25 M)
aq. NH3 (1 M), water (0.11 M),
































Concluding Remarks and Future Work 
A one-pot multicomponent strategy has been devised to directly access thiazolidine-2-thiones from 
styrenes using carbon disulfide, methanol and cesium carbonate. The first step of the reaction 
involves in-situ generation of aziridine intermediate that get trapped by cesium methyl xanthate 
ion.  The selectivity of the reaction was significantly improved by the addition of a catalytic 
amount of base, cesium carbonate in place of stochiometric loading.  
These preliminary results presented a promising methodology to afford thiazolidine-2-thiones at 
mild conditions in a cost-effective route compared to the traditional methods. The developed 
reaction conditions can be applied on a large-scale reaction to obtain the isolated yields and to 
check the scalability of the method. If decent yields are obtained, the substrate scope of the 
methodology can be examined. Finally, an elegant route to synthesize thiazolidine-2-thiones can 
be established by performing the reaction in a continuous-flow setting. 
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6.2 Oxoammonium salt-mediated dehydrogenation of cyclohexanone derivatives 
Introduction 
The dehydrogenation of cyclic ketones to afford corresponding α,β-unsaturated ketones has been 
widely studied by using systems like hypervalent oxidants or Pd-catalyst/oxygen, among others.1-
4 The reaction often results in a double dehydrogenated product (phenol, in case of cyclohexanone 
derivatives) as a side-product. Although in some cases, phenols can also be synthesized selectively 
by using appropriate reaction conditions.5  
Bobbitt’s salt, 1.1b has been previously employed as an environmentally benign reagent for the 
dehydrogenation of perfluoroalkyl ketones6 and for the dehydrogenation of 1,3-diketones.7 As part 
of the program of developing greener oxidative routes, oxoammonium cation, 1.1 was explored 
for the dehydrogenation of cyclohexanone derivatives. It would be interesting to find out the fate 
of the reaction, i.e. whether the reaction would stop after the first dehydrogenation step or undergo 




Scheme 12  Bobbitt’s salt-mediated dehydrogenation routes 
 
Results and Discussion 
A test reaction was performed by using ethyl-2-oxocyclohexanecarboxylate as a starting material, 
3.8 eq. of oxoammonium salt, 1.1b and 5 eq. of 2,6-lutidine as base at 50 °C for 96 h. An almost 
equal mixture of the starting ketone, 6.9 and phenol product, ethyl 2-hydroxybenzoate, 6.12 was 
obtained (Table 20, entry 1). Increasing the oxoammonium salt loading to 7.5 eq., and reducing 
the reaction time to 24 h, complete conversion to the phenol was obtained (entry 2). This result 
was fascinating as previous protocols to synthesize phenols require either a metal catalyst or 
hypervalent iodine-based oxidants8,9 and further sought to develop an oxoammonium-mediated 
phenol synthesis from cyclohexanones. Performing the reaction in absence of lutidine was not 
fruitful, indicating the importance of a base for the enolization of the ketone (entry 3). Reducing 
the temperature to 25 °C had a deleterious effect on the reaction, even when the time was extended 
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to 72 h (entries 4 and 5). Operating at 50 °C but reducing the oxoammonium salt loading to 5 eq. 
led to incomplete conversion after 24 h as well as after 72 h (entry 6).  
Attempts to perform the reaction catalytically in oxoammonium salt using a number of secondary 
oxidants were not successful. While 1.1b/bleach caused chlorination of the starting ketone, a 
catalytic loading of 1.1 salt (X= NO3
-) with air or oxygen as terminal oxidant yielded a complicated 
reaction mixture. Thus, reaction conditions of entry 2, 7.5 eq. of oxoammonium salt, 1.1b and 5 
eq. of 2,6-lutidine as base at 50 °C for 24 h, became the optimized condition for this methodology.  
 
Table 20 Optimization of phenol synthesis from cyclohexanone derivatives 
 
Entry 1.1b (eq.) Temp (°C) Time (h) Conversion (%)a 
6.9 6.10 6.11 6.12 
1 3.8 50 96 42 - - 51 
2 7.5 50 24 - - - 100 
3b 7.5 50 24 - - - trace 
4 7.5 25 24  - - 47 53 
5 7.5 25 72 - - 3 95 
6 5 50 24, 72 7 - 1 92 
 
aConversions by GCMS. b2,6-lutidine was not added, 0.125 M solution in place of 0.25 M, GCMS showed several 


















In order to accelerate the rate, the reaction was also ran at 100 °C for 30 minutes in microwave 
conditions. This resulted in a mixture of 6% of starting ketone and 94% of the phenol product. 
Performing the reaction at higher temperature, 110 °C provided no further improvement in phenol 
conversion (Scheme 13).  
 
 
Scheme 13 Phenol synthesis from cyclohexanone derivatives in microwave conditions 
 
Concluding Remarks and Future Work 
A metal-free route to synthesize phenols from cyclohexanone derivatives using oxoammonium 
cation has been developed.  The optimized conditions can be performed on large scale to isolate 
the phenol product and can be applied on other cyclohexanone derivatives to test the substrate 
scope of the reaction.  
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7. General Considerations 
General: All chemical transformations requiring inert atmospheric conditions or vacuum 
distillation utilized Schlenk line techniques with a 3- or 4-port dual-bank manifold. Nitrogen was 
used to provide such an atmosphere. NMR Spectra (1H, 13C, 19F) were performed at 300 K 
on either a Brüker Avance Ultra Shield 300 MHz NMR, Brüker DRX-400 400 MHz NMR, 
or Brüker Avance 500 MHz NMR. 1H-NMR spectra were referenced either to residual CHCl3 
(7.26 ppm) in CDCl3 or to residual DMSO-d5 (2.50 ppm) in DMSO-d6. 
13C-NMR spectra were 
referenced either to CDCl3 (77.16 ppm) or to DMSO-d6 (39.52 ppm). 
19F-NMR spectra were 
referenced to hexafluorobenzene (-164.9 ppm). High-resolution mass spectra were performed 
either on on a JEOL AccuTOF-DART SVP 100 in positive direct analysis in real time (DART) 
ionization method, using PEG as the internal standard or on an Applied Biosystems QSTAR Elite 
equipped with an electrospray ionization (ESI) source, calibrated using Agilent LC/MS tuning 
mix. Reactions were monitored by an Agilent Technologies 7820A Gas Chromatograph attached 
to a 5975 Mass Spectrometer, 1H NMR, and/or by TLC on silica gel plates (60Å porosity, 
250 μm thickness). TLC analysis was performed using hexanes/ethyl acetate as the eluent and 
visualized using permanganate stain, p-anisaldehyde stain, Seebach’s Stain, and/or UV light. 
Flash chromatography and silica plugs utilized Dynamic Adsorbents Inc. Flash Silica Gel (60Å 
porosity, 32-63 µm).   
 
Chemicals: Deuterated chloroform (CDCl3) was purchased from Cambridge Isotope Laboratories 
and stored over 4Å molecular sieves and K2CO3. Deuterated DMSO-d6 was used as purchased. 
Na2SO4, CH2Cl2, EtOAc, hexane, pentane, Et2O, THF, MeCN, acetone, pyridine, Na2S2O8 and 
2,6-lutidine, 3,5-lutidine were purchased from Sigma-Aldrich. Molecular sieves for 
photochemical experiments (3Å molecular sieves, 3.2 mm pellets) were also purchased from 
Sigma-Aldrich. Hexafluorobenzene was purchased from Synquest Laboratories and/or Oakwood 
Chemicals. Aldehydes, alcohols and amines were either purchased from commercial suppliers 
(and distilled/recrystallized before use) or prepared in-house. All azoles were purchased from 
commercial suppliers and used without further purification. The oxoammonium salt 4-acetamido-
2,2,6,6-tetramethyl-1-oxopiperidin-1-ium tertrafluoroborate (“Bobbitt’s Salt”), 4-acetamido-
TEMPO (ACT), 4-Acetamido-2,2,6,6-tetramethylpiperidine-N-hydroxyammonium 
tetrafluoroborate salt were prepared according to protocols available in the literature.1,2 TEMPOH 
was purchased from Synthonix. The photocatalysts, Ru(bpy)3(PF6)2 and 4CzIPN were prepared 
in-house by literature procedures.3,4 The ammonium persulfate and sodium persulfate were dried 
when required in vacuo via rotary evaporation (50 ℃ water bath). The larger pellets of ammonium 
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Photochemistry: Irradiation of reaction vessels was accomplished using LED strips. LEDs were 
configured as outlined in the Photochemical Reactor Design section of previous articles.5 A fan 
was employed to ensure reactions remained at or near rt when using LEDs. The light components 
were purchased from SuperBright LEDs. 
 
Information for LED-based Photoreactor Components:  
• Blue LEDs: 39.4 inch strips, 470 nm blue light, 32918 mcd ft-1   
• Power Supply: 12V DC power supply - 60 Watt   
• Connectors: LC2 Locking male connector CPS adapter cable   
• Clip Fan: 2-Speed clip fan, 6-inch   
• Pyrex crystallizing dishes (150 ´ 75 mm)  











8. Experimental Details for Chapter Two 
8.1 Procedure for optimization and control studies 
To a 2-dram reaction vial equipped with a stir bar was added p-tolualdehyde (2.1a), ACT, 
pyrazole (2.2a), pyridine, and the appropriate solvent.  The solution was allowed to stir at room 
temperature for two minutes. After this time, the vial was charged with appropriate photocatalyst 
and Na2S2O8. The vial was sealed with a cap and was irradiated in the aforementioned LED reactor 
for 18 h, unless otherwise noted. The temperature of the reaction was maintained at approximately 
27 oC via a fan. Conversion was evaluated by both GCMS and 1H NMR of the crude reaction 
mixture.  
8.2 “Light/dark” studies 
To a 6-dram vial equipped with a stir bar was added p-fluorobenzaldehyde (2.1c, 0.620 g, 0.005 
mol, 1 equiv ), ACT (0.213 g, 0.001 mol, 0.2 equiv), pyrazole (2.2a, 0.511 g, 0.0075 mol, 1.5 
equiv), pyridine (0.989 g, 1.0 mL 0.0125 mol, 2.2 equiv), and MeCN (10 mL, 0.5 M). The reaction 
mixture was was stirred for about two minutes at room temperature. After this 
time, Na2S2O8 (2.618 g, 0.011 mol, 2.2 equiv) and the photocatalyst Ru(bpy)3(PF6)2 (0.086 g, 
0.0001 mol, 0.02 equiv) were added. After the addition of the components, an aliquot was 
taken and kept in the dark until a 19F NMR was obtained (T0 data point). The remainder of the 
reaction mixture was sealed in the vial and irradiated in the aforementioned LED reactor for 30 
minutes. After this time, an aliquot was taken and kept in the dark until a 19F NMR was obtained 
(T1 data point). The reaction mixture was removed from the irradiation zone and placed on a stir 
plate in complete darkness (via the aid of aluminium foil and a box) for 30 minutes. After this 
time an aliquot was taken and kept in the dark until a 19F NMR was obtained (T2 data point). After 
this time, the reaction was returned to the irradiation zone for an additional 240 minutes, at which 




Entry Time (min) Conversion to 2.3c (%)a 
1 0 0 
2 30 13 
3 60 14 
4 300 97 














MeCN, Blue LEDs, rt





8.3 General procedure for synthesis, isolation procedures, and spectral characterization 
information for the N-acyl azoles in Table 2 and 3 
Representative Procedure for Photoredox Oxidative Amidation from Aldehydes 
(1H-pyrazol-1-yl)(p-tolyl)methanone, 2.3a 
To a 6-dram vial equipped with a stir bar was added p-tolualdehyde, 2.1a (0.601 g, 0.005 mol, 1 
equiv), ACT (0.213 g, 0.001 mol, 0.2 equiv), pyrazole (2.2a, 0.511 g, 0.0075 mol, 1.5 equiv), 
pyridine (0.989 g, 1.0 mL 0.0125 mol, 2.2 equiv), and MeCN (10 mL, 0.5 M). The reaction mixture 
was was stirred for about two minutes at room temperature. After this time, Na2S2O8 (2.618 g, 
0.011 mol, 2.2 equiv) and the photocatalyst Ru(bpy)3(PF6)2 (0.086 g, 0.0001 mol, 0.02 equiv) were 
added. The vial was sealed with a cap and irradiated in the aforementioned LED reactor for 24 h. 
After this time, Et2O (10 mL) was added and the resulting mixture was filtered through a coarse 
porosity fritted glass funnel. The solution was then transferred to a separatory funnel, diluted with 
Et2O (50 mL) and 0.5 M aqueous HCl (75 mL). The layers were separated and the aqueous layer 
was extracted with Et2O (3 × 75 mL). The organic layers were then combined and washed with 
0.5 M aqueous HCl (3 × 50 mL), saturated aqueous sodium bicarbonate (50 mL), deionized water 
(50 mL), and finally brine (100 mL). The organic layer was then dried over sodium sulfate and the 
solvent removed in vacuo to afford the pure N-acyl pyrazole (0.801 g, 86%). 
 
1H NMR (CDCl3, 400 MHz)  ppm 2.44 (s, 3 H) 6.51 (dd, J=2.75, 1.43 Hz, 1 H) 7.31 (d, J=8.14 
Hz, 2 H) 7.79 (d, J=0.66 Hz, 1 H) 8.05 (d, J=8.14 Hz, 2 H) 8.43 (dd, J=2.86, 0.44 Hz, 1 H)  
13C NMR (CDCl3, 100 MHz)  ppm 21.98 (CH3) 109.50 (CH) 128.91 (C) 129.12 (CH 130.69 
(CH) 131.95 (CH) 144.23 (C) 144.56 (CH) 166.57 (C) 
GC-MS (EI) 186 ([M]+, 23%) 158 (13%) 119 (100%) 91 (50%) 65 (19%) 63 (6%) 
 
(4-methoxyphenyl)(1H-pyrazol-1-yl)methanone, 2.3b (0.689 g, 68%) was prepared according 
to the general procedure from p-anisaldehyde, 2.1b (0.681 g, 0.005 mol) with the following 
modification:  with the following modifications: 1) 5 equiv of pyridine (1.98 g, 0.025 mol) was 
used; 2) 3 Å molecular sieves (0.190 g) were used in the reaction; 3) Further purification was 
accomplished by recrystallization from hexanes. The desired acyl pyrazole, 2.3b, was isolated as 
a powdery yellow solid.  1H NMR (CDCl3, 400 MHz)  ppm 3.87 (s, 3 H) 6.49 (dd, J=2.64, 1.54 
Hz, 1 H) 6.98 (d, J=9.02 Hz, 2 H) 7.78 (s, 1 H) 8.22 (d, J=9.02 Hz, 2 H) 8.42 (d, J=2.64 Hz, 1 H) 
13C NMR (CDCl3, 100 MHz)  ppm 55.70 (CH3) 109.18 (CH) 113.73 (CH) 123.70 (C) 130.73 
(CH) 134.42 (CH) 144.29 (CH) 163.82 (C) 165.58 (C)  GC-MS (EI)  202 ([M]+, 19%) 174 (6%) 













(4-fluorophenyl)(1H-pyrazol-1-yl)methanone, 2.3c (0.868 g, 90%) was prepared according to 
the general procedure from 4-fluorobenzaldehyde, 2.1c (0.620 g, 0.005 mol) with the following 
modifications: 1) 5 equiv of pyridine (1.98 g, 0.025 mol) was used; 2) 3 Å molecular sieves (0.190 
g) were used in the reaction. The desired acyl pyrazole, 2.3c, was isolated as a powdery white 
solid. 1H NMR (CDCl3, 400 MHz)  ppm 6.55 (dd, J=2.86, 1.32 Hz, 1 H) 7.20 (tt, J=8.60, 2.90 
Hz, 2 H) 7.82 (d, J=0.66 Hz, 1 H) 8.15 - 8.32 (m, 2 H) 8.46 (d, J=2.42 Hz, 1 H) 13C NMR (CDCl3, 
100 MHz)  ppm 109.79 (CH) 115.67 (d, JC-C-F =22.01 Hz, CH) 127.85 (d, JC-C-C-C-F =3.12 Hz, 
C) 130.82 (CH) 134.77 (d, JC-C-C-F =9.17 Hz, CH) 144.85 (CH) 165.99 (d, JC-F =255.29 Hz, CF) 
165.34 (s, C). 19F NMR (CDCl3, 377 MHz)  ppm -107.95 – -107.82 (m, 1 F)  GC-MS (EI) 190 
([M]+, 14%) 162 (12%) 123 (100%) 95 (70%) 75 (29%) 50 (7%) HRMS (DART) calcd for 
C10H8FN2O [M+H]
+: 191.0621, obs. 191.0609. 
 
(1H-pyrazol-1-yl)(4-(trifluoromethyl)phenyl)methanone, 2.3d (1.01 g, 84%) was prepared 
according to the general procedure from was prepared according to the general procedure from 4-
(trifluoromethyl)benzaldehyde, 2.1d (0.871 g, 0.005 mol) with the following modification: 5 
equiv of pyridine (1.98 g, 0.025 mol) was used. The desired acyl pyrazole, 2.3d, was isolated as a 
pale yellow oil.  1H NMR (CDCl3, 400 MHz)  ppm 6.59 (dd, J=2.86, 1.54 Hz, 1 H) 7.80 (d, 
J=8.14 Hz, 2 H) 7.84 (d, J=0.66 Hz, 1 H) 8.26 (d, J=8.14 Hz, 2 H) 8.49 (d, J=2.64 Hz, 1 H) 13C 
NMR (CDCl3, 100 MHz)  ppm 110.25 (CH) 123.80 (q, JC-F=272.30 Hz, CF3) 125.28 (q, JC-C-C-
F=3.60 Hz, CH) 130.59 (CH) 132.02 (CH) 134.48 (q, JC-C-F=32.10 Hz, C) 135.08 (C) 145.22 (CH) 
165.52 (C) 19F NMR (CDCl3, 377 MHz) -114.53 (s, 3 F) GC-MS (EI)  240 ([M]
+, 25%) 212 
(13%) 173 (100%) 145 (89%) 125 (12%) 95 (14%) 75 (13%) 69 (5%) 50 (6%)  
 
4-(1H-pyrazole-1-carbonyl)benzonitrile, 2.3e (0.872 g, 88%) was prepared according to the 
general procedure from was prepared according to the general procedure from 4-
formylbenzonitrile, 2.1e (0.656 g, 0.005 mol). The desired acyl pyrazole, 2.3e, was isolated as an 
powdery off-white solid.  1H NMR (CDCl3, 400 MHz)  ppm 6.57 (dd, J=2.86, 1.54 Hz, 1 H) 7.77 
- 7.83 (m, 3 H) 8.23 (d, J=8.58 Hz, 2 H) 8.45 (d, J=2.86 Hz, 1 H) 13C NMR (CDCl3, 100 MHz) 
 ppm   110.48 (CH) 116.47 (C) 118.08 (C) 130.61 (CH) 131.99 (CH) 132.16 (CH) 135.65 (C) 
145.40 (CH) 165.03 (C) GC-MS (EI)  197 ([M]+, 21%) 169 (17%) 130 (100%) 102 (71%) 76 
(13%) 75 (20%) 51 (11%).  
 
methyl 4-(1H-pyrazole-1-carbonyl)benzoate, 2.3f (0.790 g, 69%) was prepared according to the 
general procedure from methyl 4-formylbenzoate, 2.1f (0.820 g, 0.005 mol). The desired acyl 
pyrazole, 2.3f, was isolated as a powdery off-white solid. 1H NMR (CDCl3, 400 MHz)  ppm 3.97 
(s, 3 H) 6.56 (dd, J=2.86, 1.54 Hz, 1 H) 7.82 (d, J=0.66 Hz, 1 H) 8.17 (s, 4 H) 8.46 (d, J=2.64 Hz, 
1 H) 13C NMR (CDCl3, 100 MHz)  ppm 52.71 (CH3) 110.11 (CH) 129.37 (CH) 130.57 (CH) 
131.57 (CH) 133.93 (C) 135.60 (C) 145.09 (CH) 165.94 (C) 166.35 (C) GC-MS (EI)  230 ([M]+, 






(4-nitrophenyl)(1H-pyrazol-1-yl)methanone, 2.3g (0.934 g, 86%) was prepared according to the 
general procedure from 4-nitrobenzaldehyde, 2.1g (0.756 g, 0.005 mol). The desired acyl pyrazole, 
2.3g, was isolated as a powdery off-white solid. 1H NMR (CDCl3, 300 MHz)  ppm 6.59 (dd, 
J=2.86, 1.54 Hz, 1 H) 7.82 (d, J=0.66 Hz, 1 H) 8.25 - 8.38 (m, 4 H) 8.47 (d, J=2.64 Hz, 1 H)  13C 
NMR (CDCl3, 100 MHz)  ppm 110.65 (CH) 123.38 (CH) 130.66 (CH) 132.80 (CH) 137.34 (C) 
145.57 (CH) 150.37 (C) 164.91 (C) GC-MS (EI) 217 ([M]+, 29%) 201 (18%) 189 (25%) 165 
(25%) 150 (100%) 120 (19%) 104 (84%) 92 (50%) 76 (82%) 64 (15%) 50 (45%) HRMS (DART) 
calcd for C10H8N3O3 [M+H]
+: 218.0566, obs. 218.0568. 
 
(2-nitrophenyl)(1H-pyrazol-1-yl)methanone, 2.3h (1.03 g, 95%) was prepared according to the 
general procedure from 2-nitrobenzaldehyde, 2.1h (0.756 g, 0.005 mol) with the following 
modification: 1) 5 equiv of pyridine (1.98 g, 0.025 mol) was used; 2) 3 Å molecular sieves (0.190 
g) were used in the reaction. The desired acyl pyrazole, 2.3h, was isolated as a powdery yellow 
solid.  1H NMR (CDCl3, 400 MHz)  ppm 6.52 (dd, J=2.86, 1.54 Hz, 1 H) 7.63 (d, J=0.88 Hz, 1 
H) 7.68 (dd, J=7.48, 1.32 Hz, 1 H) 7.72 (td, J=7.70, 1.32 Hz, 1 H) 7.81 (td, J=7.50, 1.10 Hz, 1 H) 
8.24 (dd, J=8.14, 0.88 Hz, 1 H) 8.44 (d, J=2.86 Hz, 1 H) 13C NMR (CDCl3, 100 MHz)  ppm 
110.73 (CH) 124.36 (CH) 129.19 (CH) 129.81 (CH) 130.17 (C) 131.75 (CH) 134.29 (CH) 145.47 
(CH, C) 165.47 (C) GC-MS (EI)  217 ([M]+, 0.1%) 171 (100%) 150 (74%) 104 (13%) 78 (11%) 
76 (45%) 51 (43%).  
 
(2,5-dimethoxyphenyl)(1H-pyrazol-1-yl)methanone, 2.3i (1.02 g, 87%) was prepared according 
to the general procedure from 2,5-dimethoxybenzaldehyde, 2.1i (0.831 g, 0.005 mol). The desired 
acyl pyrazole, 2.3i, was isolated as a powdery yellow solid.  1H NMR (CDCl3, 400 MHz)  ppm 
3.75 (s, 3 H) 3.79 (s, 3 H) 6.48 (dd, J=2.86, 1.32 Hz, 1 H) 6.92 - 7.09 (m, 3 H) 7.73 (d, J=0.66 Hz, 
1 H) 8.32 (dd, J=2.86, 0.44 Hz, 1 H) 13C NMR (CDCl3, 100 MHz)  ppm 55.96 (CH3) 56.66 (CH3) 
109.80 (CH) 113.29 (CH) 114.88 (CH) 118.34 (CH) 132.52 (CH) 129.56 (CH) 144.75 (C) 151.67 
(C) 153.28 (C) 166.36 (C) GC-MS (EI) 232 ([M]+, 45%) 201 (100%) 165 (100%) 150 (18%) 122 
(25%) 107 (40%) 92 (13%) 79 (26%) 77 (21%) 63 (9%) 53 (9%) HRMS (DART) calcd for 
C12H13N2O3 [M+H]: 233.0926, obs. 233.0939. 
 
(2-bromo-4-fluorophenyl)(1H-pyrazol-1-yl)methanone, 2.3j (1.27 g, 95%) was prepared 
according to the general procedure from 2-bromo-4-fluorobenzaldehyde, 2.1j (1.02 g, 0.005 
mol).The desired acyl pyrazole, 2.3j, was isolated as a powdery yellow solid.  1H NMR (CDCl3, 
100 MHz)  ppm 6.55 (dd, J=2.92, 1.41 Hz, 1 H) 7.16 (td, J=8.30, 2.40 Hz, 1 H) 7.42 (dd, J=8.10, 
2.45 Hz, 1 H) 7.52 (dd, J=8.57, 5.75 Hz, 1 H) 7.76 (d, J=0.75 Hz, 1 H) 8.39 (dd, J=2.83, 0.57 Hz, 
1 H)13C NMR (CDCl3, 100 MHz)  ppm 110.84 (CH) 114.80 (d, JC-C-F=22.01 Hz, CH) 121.01 (d, 
JC-C-F=24.94 Hz, CH) 121.75 (d, JC-C-C-F=9.90 Hz, C) 129.65 (CH) 131.75 (d, JC-C-C-F=9.17 Hz, 
CH) 131.64 (d, JC-C-C-C-F=3.85 Hz, C) 145.54 (CH) 163.69 (d, JC-F=256.03 Hz, CF) 165.77 (C) 
19F NMR (CDCl3, 377 MHz) -109.65 − -109.56 (m, 1 F) GC-MS (EI)  270 ([M]
+ , 81Br, 0.1%) 
268 ([M]+ , 79Br, 0.1%) 203 (81Br, 40%) 201 (79Br, 42%) 189 (100%) 175 (81Br, 20%) 173 ([79Br, 





(3-bromophenyl)(1H-pyrazol-1-yl)methanone, 2.3k (0.786 g, 63%) was prepared according to 
the general procedure from 3-bromobenzaldehyde, 2.1k (0.925 g, 0.005 mol). The desired acyl 
pyrazole, 2.3k, was isolated as a viscous, clear, colorless oil. 1H NMR (CDCl3, 300 MHz)  ppm 
6.54 (dd, J=2.83, 1.51 Hz, 1 H) 7.38 (t, J=8.01 Hz, 1 H) 7.73 (dq, J=7.91, 0.90 Hz, 1 H) 7.81 (d, 
J=0.70 Hz, 1 H) 8.08 (dt, J=7.82, 1.18 Hz, 1 H) 8.29 (t, J=1.79 Hz, 1 H) 8.43 (d, J=2.83 Hz, 1 H) 
13C NMR (CDCl3, 100 MHz)  ppm 109.90 (CH) 122.18 (C) 129.69 (CH) 130.25 (CH) 130.51 
(CH) 133.40 (C) 134.47 (CH) 135.95 (CH) 144.90 (CH) 164.87 (C) GC-MS (EI)  252 ([M]+ , 
81Br, 32%) 250 ([M]+ , 79Br, 33%) 225 (23%, 81Br) 223(23%, 79Br) 185(99%, 81Br) 183 (100%, 
79Br) 157(70%, 81Br) 155(71%, 79Br) 76 (58%) 50 (37%). 
 
(5-bromothiophen-2-yl)(1H-pyrazol-1-yl)methanone, 2.3l (1.24 g, 96%) was prepared 
according to the general procedure from 5-bromothiophene-2-carbaldehyde, 2.1l (0.955 g, 0.005 
mol) with the following modification: Further purification was accomplished by washing the 
crude solid with hexanes. The desired acyl pyrazole, 2.3l, was isolated as a powdery white solid.  
1H NMR (CDCl3, 400 MHz)  ppm 6.52 (dd, J=2.75, 1.43 Hz, 1 H) 7.17 (d, J=4.18 Hz, 1 H) 7.80 
(s, 1 H) 8.13 (d, J=4.18 Hz, 1 H) 8.40 (d, J=2.64 Hz, 1 H) 13C NMR (CDCl3, 100 MHz)  ppm 
110.25 (CH) 127.38 (C) 129.74 (CH) 130.44 (CH) 132.89 (C) 138.74 (CH) 144.22 (CH) 157.79 
(C) GC-MS (EI)  258 ([M]+, 81Br, 38%) 256 ([M]+, 79Br, 37%) 230 (81Br, 41%) 228 (79Br, 41%) 
191 (81Br, 100%) 189 (79Br, 99%) 163 (81Br, 12%) 161 (79Br, 12%) 119 (81Br, 12%) 117 (79Br, 
12%) 82 (43%) 38 (12%).  
 
(2-chloroquinolin-3-yl)(1H-pyrazol-1-yl)methanone, 2.3m (1.07 g, 83%) was prepared 
according to the general procedure from 2-chloroquinoline-3-carbaldehyde, 2.1m (0.958 g, 0.005 
mol) with the following modifications: 1) 5 equiv of pyridine (1.98 g, 0.025 mol) was used 2) 
EtOAc was used in place of Et2O in the workup. The desired acyl pyrazole, 2.3m, was isolated as 
a powdery white solid.  1H NMR (CDCl3, 400 MHz)  ppm 6.61 (dd, J=2.86, 1.54 Hz, 1 H) 7.66 
(ddd, J=8.50, 7.00, 1.30 Hz, 1 H) 7.78 (d, J=0.88 Hz, 1 H) 7.86 (ddd, J=8.47, 7.04, 1.43 Hz, 1 H) 
7.91 (d, J=8.36 Hz, 1 H) 8.11 (d, J=8.58 Hz, 1 H) 8.41 (s, 1 H) 8.48 (d, J=2.86 Hz, 1 H) 13C NMR 
(CDCl3, 100 MHz)  ppm 111.06 (CH) 125.80 (C) 127.51 (C) 128.18 (CH) 128.53 (CH) 128.93 
(CH) 129.54 (CH) 132.51 (CH) 139.65 (CH) 145.64 (CH) 146.57 (C) 148.35 (C) 164.57 (C)  GC-
MS (EI) 257 ([M]+, 0.1%) 222 (100%) 190 (36%) 162 (40%) 127 (20%) 101 (33%) 75 (22%) 51 
(11%) 40 (18%) HRMS (DART) calcd for C13H9ClN3O [M+H]
+: 258.0434, obs. 258.0438. 
  
naphthalen-1-yl(1H-pyrazol-1-yl)methanone, 2.3n (0.892 g, 80%) was prepared according to 
the general procedure from 1-naphthaldehyde, 2.1n (0.781 g, 0.005 mol) with the following 
modifications: 1) 5 equiv of pyridine (1.98 g, 0.025 mol) was used 2) Further purification was 
accomplished by washing the crude solid with hexanes. The desired acyl pyrazole, 2.3n, was 
isolated as a powdery pale yellow solid.  1H NMR (CDCl3, 400 MHz)  ppm 6.58 (dd, J=2.86, 
1.54 Hz, 1 H) 7.52 - 7.63 (m, 3 H) 7.78 (d, J=0.88 Hz, 1 H) 7.84 (dd, J=7.15, 1.21 Hz, 1 H) 7.91 - 
7.97 (m, 1 H) 7.98 - 8.05 (m, 1 H) 8.08 (d, J=8.36 Hz, 1 H) 8.50 (dd, J=2.86, 0.44 Hz, 1 H) 13C 
NMR (CDCl3, 100 MHz)  ppm 110.21 (CH) 124.50 (CH) 125.23 (CH) 126.79 (CH) 127.80 (CH) 
128.83 (CH) 129.13 (CH) 130.02 (C) 130.34 (CH) 131.12 (C) 132.44 (CH) 133.75 (C) 145.10 





(2-chloropyridin-3-yl)(1H-pyrazol-1-yl)methanone, 2.3o (0.798 g, 77%) was prepared 
according to the general procedure from 2-chloronicotinaldehyde, 2.1o (0.707 g, 0.005 mol) with 
the following modification: EtOAc was used in place of Et2O in the workup. The desired acyl 
pyrazole, 2.3o, was isolated as a powdery yellow solid. 1H NMR (CDCl3, 400 MHz)  ppm 6.57 
(dd, J=2.86, 1.32 Hz, 1 H) 7.38 (dd, J=7.70, 4.84 Hz, 1 H) 7.75 (d, J=0.66 Hz, 1 H) 7.87 (dd, 
J=7.59, 1.87 Hz, 1 H) 8.40 (d, J=2.86 Hz, 1 H) 8.55 (dd, J=4.84, 1.76 Hz, 1 H) 13C NMR (CDCl3, 
100 MHz)  ppm 111.13 (CH) 122.00 (CH) 129.46 (CH) 130.07 (C) 138.73 (CH) 145.74 (CH) 
148.60 (C) 151.59 (CH) 164.45 (C)  GC-MS (EI)  172 ([M-Cl]+, 100%) 142 (16%) 140 (49%) 
114 (14%) 112 (44%) 76 (28%) 50 (13%) HRMS (DART) calcd for C9H6ClN3O [M+H]: 
208.0278, found: 208.0302. 
 
cyclohexyl(1H-pyrazol-1-yl)methanone, 2.3p (0.698 g, 78%) was prepared according to the 
general procedure from cyclohexanecarbaldehyde, 2.1p (0.561 g, 0.005 mol). The desired acyl 
pyrazole, 2.3p, was isolated as a clear, pale brown oil.  1H NMR (CDCl3, 400 MHz)  ppm 1.28 
(tt, J=12.32, 3.30 Hz, 1 H) 1.41 (qt, J=12.64, 3.16 Hz, 2 H) 1.55 (qd, J=12.10, 3.08 Hz, 2 H) 1.68 
- 1.77 (m, 1 H) 1.82 (dt, J=13.04, 3.27 Hz, 2 H) 1.93 - 2.02 (m, 2 H) 3.62 (tt, J=11.58, 3.49 Hz, 1 
H) 6.41 (dd, J=2.75, 1.43 Hz, 1 H) 7.69 (s, 1 H) 8.22 (d, J=2.86 Hz, 1 H) 13C NMR (CDCl3, 100 
MHz)  ppm 25.30 (CH2) 25.66 (CH2) 28.96 (CH2) 41.40 (CH) 109.21 (CH) 128.22 (CH) 143.58 
(CH) 174.88 (C) GC-MS (EI)  178 ([M]+, 3%) 110 (10%) 83 (37%) 69 (100%) 55 (34%) 41 (23%) 
39 (16%) HRMS (DART) calcd for C10H14N2O [M+H]: 179.1184, found: 179.1202. 
 
3-phenyl-1-(1H-pyrazol-1-yl)propan-1-one, 2.3q (0.744 g, 74%) was prepared according to the 
general procedure from 2-methyl-2-phenylpropanal, 2.1q (0.670 g, 0.005 mol) with the following 
modifications: 1) 5 equiv of pyridine (1.98 g, 0.025 mol) was used; 2) 3 Å molecular sieves (0.190 
g) were used in the reaction; 3) Further purification was accomplished by SiO2 plug, eluting with 
95:5 Hex/EtOAc. The desired acyl pyrazole, 2.3q, was isolated as a clear, pale yellow oil. 1H 
NMR (CDCl3, 400 MHz)  ppm 3.13 (t, J=7.70 Hz, 2 H) 3.49 (t, J=7.90 Hz, 2 H) 6.44 (dd, J=2.86, 
1.32 Hz, 1 H) 7.18 - 7.24 (m, 1 H) 7.25 - 7.35 (m, 4 H) 7.70 (d, J=0.66 Hz, 1 H) 8.26 (d, J=2.64 
Hz, 1 H) 13C NMR (CDCl3, 100 MHz)  ppm 30.11 (CH2) 35.54 (CH2) 109.48 (CH) 126.25 (CH) 
128.15 (CH) 128.36 (CH) 128.45 (CH) 140.23 (C) 143.86 (CH) 171.25 (C) GC-MS (EI)  200 
([M]+, 4%) 131 (6%) 104 (100%) 91 (34%) 77 (17%) 69 (42%) 51 (8%). 
 
1-(1H-pyrazol-1-yl)dodecan-1-one, 2.3r (0.987 g, 79%) was prepared according to the general 
procedure from dodecanal, 2.1r (0.921 g, 0.005 mol) with the following modifications: 1) 5 equiv 
of pyridine (1.98 g, 0.025 mol) was used; 2) 3 Å molecular sieves (0.190 g) were used in the 
reaction; 3) Further purification was accomplished by SiO2 plug, eluting with 95:5 Hex/EtOAc. 
The desired acyl pyrazole, 2.3r, was isolated as a powdery white solid. 1H NMR (CDCl3, 400 
MHz)  ppm 0.88 (t, J=7.00 Hz, 3 H) 1.17 - 1.46 (m, 16 H) 1.78 (quin, J=7.48 Hz, 2 H) 3.12 (t, 
J=7.48 Hz, 2 H) 6.43 (dd, J=2.86, 1.54 Hz, 1 H) 7.70 (d, J=0.88 Hz, 1 H) 8.26 (d, J=2.64 Hz, 1 H) 
13C NMR (CDCl3, 100 MHz)  ppm 14.34 (CH3) 22.92 (CH2) 24.63 (CH2) 29.37 (CH2) 29.55 (2 
× CH2) 29.69 (CH2) 29.84 (2 × CH2) 32.14 (CH2) 34.19 (CH2) 109.61 (CH) 128.42 (CH) 144.01 
(CH) 172.59 (C) GC-MS (EI)  250 ([M]+, 1%) 249 (4%) 182 (5%) 110 (34%) 98 (22%) 84 (21%) 
82 (17%) 69 (100%) 57 (15%) 55 (32%) 43 (17%) 41 (29%) HRMS (DART) calcd for C15H26N2O 




p-toluoyl-1H-1,2,3-benzotriazole, 2.3s (0.792 g, 67%) was prepared according to the general 
procedure from p-tolualdehyde, 2.1a (0.601 g, 0.005 mol) and 1H-benzotriazole, 2.2b (0.893 g, 
0.0075 mol) with the following modifications: 1) 5 equiv of pyridine (1.98 g, 0.025 mol) was 
used; 2) 2 M HCl was used in place of 0.5 M HCl in the work-up. The desired acyl azole, 2.3s, 
was isolated as a powdery white solid. 1H NMR (CDCl3, 400 MHz)  ppm 2.49 (s, 3 H) 7.39 (d, 
J=8.14 Hz, 2 H) 7.55 (td, J=7.70, 0.88 Hz, 1 H) 7.71 (td, J=7.70, 0.88 Hz, 1 H) 8.11 - 8.20 (m, 3 
H) 8.39 (d, J=8.36 Hz, 1 H) 13C NMR (CDCl3, 100 MHz)  ppm 22.08 (CH3) 115.10 (CH) 120.42 
(CH) 126.51 (CH) 128.91 (C) 129.49 (CH) 130.56 (CH) 132.22 (CH) 132.74 (C) 145.14 (C) 
146.03 (C) 166.86 (C) GC-MS (EI)  237 ([M]+, 7%) 209 (72%) 180 (14%) 119 (100%) 91 (65%) 
65 (30%) 39 (9%).  
 
(3-phenyl-1H-pyrazol-1-yl)(p-tolyl)methanone, 2.3t (1.03 g, 79%) was prepared according to 
the general procedure from p-tolualdehyde, 2.1a (0.601 g, 0.005 mol) and 3-phenyl-1H-pyrazole, 
2.2c (1.44 g, 0.010 mol, 2 equiv). The desired acyl azole, 2.3t, was isolated as a powdery pale 
yellow solid. 1H NMR (CDCl3, 400 MHz)  ppm 2.47 (s, 3 H) 6.85 (d, J=2.86 Hz, 1 H) 7.33 (d, 
J=7.92 Hz, 2 H) 7.36 - 7.47 (m, 3 H) 7.85 - 7.92 (m, 2 H) 8.20 (d, J=8.36 Hz, 2 H) 8.46 (d, J=3.08 
Hz, 1 H)  13C NMR (CDCl3, 100 MHz)  ppm 22.02 (CH3) 107.24 (CH) 126.67 (CH) 128.93 (C)  
129.02 (CH) 129.09 (CH) 129.40 (CH) 132.05 (CH) 132.23 (C) 132.39 (CH) 144.23 (C) 156.00 
(C) 166.26 (C) GC-MS (EI)  262 ([M]+, 27%) 234 (3%) 119 (100%) 91 (35%) 65 (13%) 51 (2%). 
 
ethyl 1-(4-methylbenzoyl)-1H-pyrazole-4-carboxylate, 2.3u (0.845 g, 65%) was prepared 
according to the general procedure from p-tolualdehyde, 2.1a (0.601 g, 0.005 mol) and ethyl 1H-
pyrazole-4-carboxylate, 2.2d (1.05 g, 0.0075 mol) with the following modifications: 1) 5 equiv of 
pyridine (1.98 g, 0.025 mol) was used; 2) 2 M HCl was used in place of 0.5 M HCl in the work-
up. The desired acyl azole, 2.3u, was isolated as a powdery white solid.  1H NMR (CDCl3, 400 
MHz)  ppm 1.38 (t, J=7.30 Hz, 3 H) 2.45 (s, 3 H) 4.35 (q, J=7.04 Hz, 2 H) 7.32 (d, J=7.92 Hz, 2 
H) 8.06 (d, J=8.36 Hz, 2 H) 8.12 (s, 1 H) 8.86 (s, 1 H) 13C NMR (CDCl3, 400 MHz)  ppm 14.55 
(CH3) 22.01 (CH3) 61.14 (CH2) 118.30 (CH) 127.83 (C) 129.27 (CH) 132.18 (CH) 133.99 (CH) 
144.27 (CH) 145.06 (C) 162.40 (C) 166.03 (C) GC-MS (EI)  258 ([M]+, 11%) 230 (6%) 119 
(100%) 91 (29%) 65 (9%). 
 
(4-chloro-1H-pyrazol-1-yl)(p-tolyl)methanone, 2.3v (0.566 g, 51%) was prepared according to 
the general procedure from p-tolualdehyde, 2.1a (0.601 g, 0.005 mol) and 4-chloro-1H-pyrazole, 
2.1e (0.769 g, 0.0075 mol) with the following modifications: 1) 5 equiv of pyridine (1.98 g, 0.025 
mol) was used; 2) 3 Å molecular sieves (0.190 g) were used in the reaction. The desired acyl azole, 
2.3v, was isolated as a powdery white solid.  1H NMR (CDCl3, 400 MHz)  ppm 2.44 (s, 3 H) 
7.31 (d, J=7.92 Hz, 2 H) 7.70 (s, 1 H) 8.01 (d, J=8.36 Hz, 2 H) 8.38 (d, J=0.66 Hz, 1 H) 13C NMR 
(CDCl3, 100 MHz)  ppm 21.99 (CH3) 115.51 (C) 127.89 (C) 128.11 (CH) 129.20 (CH) 131.99 
(CH) 143.09 (CH) 144.66 (C) 165.58 (C)  GC-MS (EI)  220 ([M]+, 17%) 119 (100%) 91 (36%) 






(4-bromo-1H-pyrazol-1-yl)(p-tolyl)methanone, 2.3w (1.18 g, 89%) was prepared according to 
the general procedure from p-tolualdehyde, 2.1a (0.601 g, 5 mmol) and 4-bromo-1H-pyrazole, 
2.2f (1.10 g, 0.0075 mol) 2) 2 M HCl was used in place of 0.5 M HCl in the work-up. The desired 
acyl azole, 2.3w, was isolated as a powdery off-white solid. 1H NMR (CDCl3, 300 MHz)  ppm 
2.45 (s, 3 H) 7.31 (d, J=7.91 Hz, 2 H) 7.73 (s, 1 H) 8.01 (d, J=8.10 Hz, 2 H) 8.44 (s, 1 H) 13C 
NMR (CDCl3, 100 MHz)  ppm 22.03 (CH3) 99.35 (C) 127.91 (C) 129.25 (CH) 130.59 (CH) 
132.01 (CH) 144.73 (C) 144.97 (CH) 165.48 (C) GC-MS (EI)  266 ([M]+ , 81Br, 12%) 264 ([M]+, 
79Br, 12%) 119 (100%) 91 (46%) 65 (20%) 38 (6%).  
 
One Pot Procedure for Photoredox Oxidative Amidation from Alcohols 
(1H-pyrazol-1-yl)(p-tolyl)methanone (2.3a) 
To a 6-dram vial equipped with a stir bar was added p-tolylcarbinol, 2.4a (0.610 g, 0.005 mol, 1 
equiv), ACT (0.213 g, 0.001 mol, 0.2 equiv), pyrazole, 2.2a (0.511 g, 0.0075 mol, 1.5 equiv), 3Å 
molecular sieves (0.190 g), pyridine (1.98 g, 0.025 mol), and MeCN (10 mL, 0.5 M). The reaction 
mixture was was stirred for about two minutes at room temperature. After this time, sodium 
persulfate (5.95 g, 0.025 mol, 5 equiv) and the photocatalyst Ru(bpy)3(PF6)2 (0.086 g, 0.0001 mol, 
0.02 equiv) were added. The vial was sealed with a cap and the vial was irradiated in the 
aforementioned LED reactor for 24 h. After this time, Et2O (10 mL) was added and the resulting 
mixture was filtered through a coarse porosity fritted glass funnel. The solution was then 
transferred to a separatory funnel, diluted with Et2O (50 mL) and  0.5 M aqueous HCl (75 mL). 
The layers were separated and the aqueous layer was extracted with Et2O (3 × 75 mL). The organic 
layers were then combined and washed with 0.5 M aqueous HCl (3 × 50 mL), saturated aqueous 
sodium bicarbonate (50 mL), deionized water (50 mL), and finally brine (100 mL). The organics 
were then dried over sodium sulfate and the solvent removed in vacuo to afford the crude N-acyl 
pyrazole which was further purified by recrystallization to give the pure N-acyl pyrazole (0.468 g, 
50%) as powdery pale yellow solid. 
 
1H NMR (CDCl3, 400 MHz)  ppm 2.44 (s, 3 H) 6.51 (dd, J=2.75, 1.43 Hz, 1 H) 7.31 (d, J=8.14 
Hz, 2 H) 7.79 (d, J=0.66 Hz, 1 H) 8.05 (d, J=8.14 Hz, 2 H) 8.43 (dd, J=2.86, 0.44 Hz, 1 H)  
13C NMR (CDCl3, 100 MHz)  ppm 21.98 (CH3) 109.50 (CH) 128.91 (C) 129.12 (CH 130.69 
(CH) 131.95 (CH) 144.23 (C) 144.56 (CH) 166.57 (C) 
GC-MS (EI) 186 ([M]+, 23%) 158 (13%) 119 (100%) 91 (50%) 65 (19%) 63 (6%). 
 
(4-fluorophenyl)(1H-pyrazol-1-yl)methanone, 2.3c (0.744 g, 78%) was prepared according to 
the general procedure from 4-fluorobenzyl alcohol, 2.4c (0.630 g, 0.005 mol). The desired acyl 
pyrazole, 2.3c, was isolated as a powdery white solid. 1H NMR (CDCl3, 400 MHz)  ppm 6.55 
(dd, J=2.86, 1.32 Hz, 1 H) 7.20 (tt, J=8.60, 2.90 Hz, 2 H) 7.82 (d, J=0.66 Hz, 1 H) 8.15 - 8.32 (m, 
2 H) 8.46 (d, J=2.42 Hz, 1 H) 13C NMR (CDCl3, 100 MHz)  ppm 109.79 (CH) 115.67 (d, JC-C-F 
=22.01 Hz, CH) 127.85 (d, JC-C-C-C-F =3.12 Hz, C) 130.82 (CH) 134.77 (d, JC-C-C-F =9.17 Hz, CH) 
144.85 (CH) 165.99 (d, JC-F =255.29 Hz, CF) 165.34 (s, C). 19F NMR (CDCl3, 377 MHz)  ppm 
-107.95 – -107.82 (m, 1 F)  GC-MS (EI) 190 ([M]+, 14%) 162 (12%) 123 (100%) 95 (70%) 75 
(29%) 50 (7%) HRMS (DART) calcd for C10H8FN2O [M+H]





(1H-pyrazol-1-yl)(4-(trifluoromethyl)phenyl)methanone, 2.3d (0.793 g, 66%) was prepared 
according to the general procedure from was prepared according to the general procedure from 4-
(trifluoromethyl)benzyl alcohol, 2.4d (0.881 g, 0.005 mol). The desired acyl pyrazole, 2.3d, was 
isolated as a pale yellow oil.  1H NMR (CDCl3, 400 MHz)  ppm 6.59 (dd, J=2.86, 1.54 Hz, 1 H) 
7.80 (d, J=8.14 Hz, 2 H) 7.84 (d, J=0.66 Hz, 1 H) 8.26 (d, J=8.14 Hz, 2 H) 8.49 (d, J=2.64 Hz, 1 
H) 13C NMR (CDCl3, 100 MHz)  ppm 110.25 (CH) 123.80 (q, JC-F=272.30 Hz, CF3) 125.28 (q, 
JC-C-C-F=3.60 Hz, CH) 130.59 (CH) 132.02 (CH) 134.48 (q, JC-C-F=32.10 Hz, C) 135.08 (C) 145.22 
(CH) 165.52 (C) 19F NMR (CDCl3, 377 MHz) -114.53 (s, 3 F) GC-MS (EI)  240 ([M]+, 25%) 
212 (13%) 173 (100%) 145 (89%) 125 (12%) 95 (14%) 75 (13%) 69 (5%) 50 (6%).  
 
(1H-pyrazole-1-carbonyl)benzonitrile, 2.3e (0.769 g, 78%) was prepared according to the 
general procedure from was prepared according to the general procedure from 4-cyanobenzyl 
alcohol, 2.4e (0.665 g, 0.005 mol) with the following modification: No molecular sieves were 
used. The desired acyl pyrazole, 2.3e, was isolated as a powdery off-white solid.  1H NMR (CDCl3, 
400 MHz)  ppm 6.57 (dd, J=2.86, 1.54 Hz, 1 H) 7.77 - 7.83 (m, 3 H) 8.23 (d, J=8.58 Hz, 2 H) 
8.45 (d, J=2.86 Hz, 1 H) 13C NMR (CDCl3, 100 MHz)  ppm   110.48 (CH) 116.47 (C) 118.08 
(C) 130.61 (CH) 131.99 (CH) 132.16 (CH) 135.65 (C) 145.40 (CH) 165.03 (C) GC-MS (EI)  197 
([M]+, 21%) 169 (17%) 130 (100%) 102 (71%) 76 (13%) 75 (20%) 51 (11%).  
 
(2-chloropyridin-3-yl)(1H-pyrazol-1-yl)methanone, 2.3o (0.892 g, 86%) was prepared 
according to the general procedure from (2-chloropyrid-3-yl)methanol, 2.4o (0.717 g, 0.005 mol).  
The desired acyl pyrazole, 2.3o, was isolated as a powdery yellow solid.  1H NMR (CDCl3, 400 
MHz)  ppm 6.57 (dd, J=2.86, 1.32 Hz, 1 H) 7.38 (dd, J=7.70, 4.84 Hz, 1 H) 7.75 (d, J=0.66 Hz, 
1 H) 7.87 (dd, J=7.59, 1.87 Hz, 1 H) 8.40 (d, J=2.86 Hz, 1 H) 8.55 (dd, J=4.84, 1.76 Hz, 1 H) 13C 
NMR (CDCl3, 100 MHz)  ppm 111.13 (CH) 122.00 (CH) 129.46 (CH) 130.07 (C) 138.73 (CH) 
145.74 (CH) 148.60 (C) 151.59 (CH) 164.45 (C)  GC-MS (EI)  172 ([M-Cl]+, 100%) 142 (16%) 
140 (49%) 114 (14%) 112 (44%) 76 (28%) 50 (13%).  
 
(3-methyloxetan-3-yl)(1H-pyrazol-1-yl)methanone, 2.3x (0.436 g, 52%) was prepared 
according to the general procedure from (3-methyloxetan-3-yl)methanol, 2.4x (0.510 g, 0.005 
mol). The desired acyl pyrazole, 2.3x, was isolated as a pale yellow oil. 1H NMR (CDCl3, 400 
MHz)  ppm 1.88 (s, 3 H) 4.53 (d, J=6.82 Hz, 2 H) 5.10 (d, J=6.60 Hz, 2 H) 6.43 (dd, J=2.86, 1.32 
Hz, 1 H) 7.67 (d, J=0.66 Hz, 1 H) 8.16 - 8.23 (m, 1 H) 13C NMR (CDCl3, 100 MHz)  ppm 24.26 
(CH3) 46.86 (C) 79.76 (CH2) 109.79 (CH) 128.83 (CH) 144.68 (CH) 173.53 (C) GC-MS (EI) 166 
([M]+, 0.1%) 136 (10%) 108 (13%) 81 (11%) 69 (100%), 41 (74%) HRMS (DART) calcd for  
C8H11N2O2 [M+H]









bis([1,3]dioxolo)[4,5-b:4',5'-d]pyran-5-yl)methanone, 2.3y (1.18 g, 73%) was prepared 
according to the general procedure from 1,2:3,4-di-O-isopropylidene-α-D-galactopyranose, 2.4y 
(1.30 g, 0.005 mol). The desired acyl pyrazole, 2.3y, was isolated as a powdery off-white solid.  
1H NMR (CDCl3, 400 MHz)  ppm 1.28 (s, 3 H) 1.37 (s, 3 H) 1.49 (s, 3 H) 1.59 (s, 3 H) 4.47 (dd, 
J=5.17, 2.75 Hz, 1 H) 4.71 (dd, J=7.48, 2.86 Hz, 1 H) 4.96 (dd, J=7.48, 2.42 Hz, 1 H) 5.59 (d, 
J=2.42 Hz, 1 H) 5.76 (d, J=5.06 Hz, 1 H) 6.45 (dd, J=2.86, 1.32 Hz, 1 H) 7.71 (s, 1 H) 8.31 (d, 
J=2.86 Hz, 1 H) 13C NMR (CDCl3, 100 MHz)  ppm 25.14 (CH3) 25.20 (CH3) 26.17 (CH3) 26.29 
(CH3) 69.42 (CH) 70.62 (CH) 71.49 (CH) 72.82 (CH) 96.92 (CH) 109.58 (C) 109.82 (CH) 110.80 
(C) 129.13 (CH) 144.60 (CH) 165.98 (C) GC-MS (EI) 309 ([M-CH3]
+, 35%) 239 (6%) 199 (6%) 
163 (5%) 141 (47%) 113 (29%) 100 (16%) 95 (26%) 85 (28%) 83 (17%) 71 (23%) 69 (43%) 59 
(34%) 43 (100%) 41 (16%).  
 
1-(1H-pyrazol-1-yl)-3-(trimethylsilyl)propan-1-one, 2.3z (0.411 g, 42%) was prepared 
according to the general procedure from 3-(trimethylsilyl)-1-propanol, 2.4z (0.661 g, 0.005 mol) 
with the following modification: Further purification was accomplished by SiO2 plug, eluting with 
95:5 to 9:1 Hex/EtOAc. The desired acyl pyrazole, 2.3z, was isolated as a pale yellow oil. 1H 
NMR (CDCl3, 400 MHz)  ppm 0.07 (s, 9 H) 0.84 - 1.06 (m, 2 H) 2.98 - 3.28 (m, 2 H) 6.44 (dd, 
J=2.75, 1.43 Hz, 1 H) 7.71 (d, J=0.66 Hz, 1 H) 8.26 (d, J=2.64 Hz, 1 H) 13C NMR (CDCl3, 100 
MHz)  ppm -1.60 (CH3) 11.26 (CH2) 29.02 (CH2) 109.62 (CH) 128.61 (CH) 144.04 (CH) 173.89 
(C) GC-MS (EI)  196 ([M]+, 2%) 195 ([M-H]+, 12%) 181 (59%) 169 (14%) 167 (12%) 153 (33%) 
141 (29%) 125 (100%) 113 (13%) 98 (10%) 85 (9%) 73 (76%) 69 (19%) 43 (16%) 41 (14%) 
HRMS (DART) calcd for C9H17N2OSi [M+H]
+: 197.1110, obs. 197.1118. 
 
cyclobutyl(1H-pyrazol-1-yl)methanone, 2.3aa (0.246 g, 33%) was prepared according to the 
general procedure from cyclobutylmethanol, 2.4aa (0.420 g, 0.005 mol) with the following 
modification: Further purification was accomplished by SiO2 plug, eluting with 95:5 Hex/EtOAc. 
The desired acyl pyrazole, 2.3aa, was isolated as a pale yellow oil. 1H NMR (CDCl3, 400 MHz)  
ppm 1.87 - 2.18 (m, 2 H) 2.23 - 2.53 (m, 4 H) 4.27 (quind, J=8.57, 0.94 Hz, 1 H) 6.41 (dd, J=2.73, 
1.41 Hz, 1 H) 7.67 (d, J=0.56 Hz, 1 H) 8.23 (dd, J=2.83, 0.38 Hz, 1 H) 13C NMR (CDCl3, 100 
MHz)  ppm 18.43 (CH2) 25.24 (CH2) 37.68 (CH) 109.29 (CH) 128.30 (CH) 143.83 (CH) 173.56 
(C) GC-MS (EI)  150 ([M]+, 2%) 122 (21%) 94 (23%) 82 (13%) 69 (71%), 55 (100%) HRMS 
(DART) calcd for  C8H11N2O [M+H]
+: 151.0871, found: 151.0865. 
 
tert-butyl 4-(1H-pyrazole-1-carbonyl)piperidine-1-carboxylate, 2.3ab (0.876 g, 63%) was 
prepared according to the general procedure from tert-butyl 4-(hydroxymethyl)piperidine-1-
carboxylate, 2.4ab (1.08 g, 0.005 mol) with the following modification:  Further purification was 
accomplished by SiO2 plug, eluting with 8:2 Hex/EtOAc.The desired acyl pyrazole, 2.3ab, was 
isolated as a pale yellow oil. 1H NMR (CDCl3, 400 MHz)  ppm 1.50 (s, 9 H), 1.79 (qd, J=11.9, 
4.4 Hz, 2 H), 1.93 - 2.06 (m, 2 H), 2.93 (t, J=12.8 Hz, 2 H), 3.82 (tt, J=11.7, 3.7 Hz, 1 H), 4.08 - 
4.32 (m, 2 H), 6.48 (dd, J=2.8, 1.4 Hz, 1 H), 7.75 (d, J=0.9 Hz, 1 H), 8.27 (d, J=2.9 Hz, 1 H) 13C 
NMR (CDCl3, 100 MHz)  ppm 28.30 (CH2), 28.62 (CH3), 40.02 (CH), 43.09 (CH2), 79.79 (C), 
109.89 (CH), 128.65 (CH), 144.23 (CH), 154.81 (C), 173.73 (C) GC-MS (EI)  279 ([M]+, 0.1%) 
222 (33%) 206 (12%) 178 (7%) 138 (14%) 127 (35%) 110 (5%) 95 (7%) 83 (74%) 69 (39%) 57 
(100%) 41 (28%) HRMS (DART) calcd for C10H12N3O3 [M – 




(S)-tert-butyl 2-(1H-pyrazole-1-carbonyl)pyrrolidine-1-carboxylate, 2.3ac (0.939 g, 71%) was 
prepared according to the general procedure from (S)-tert-butyl 2-(hydroxymethyl)pyrrolidine-1-
carboxylate, 2.4ac (1.06 g, 0.005 mol) with the following modification: Further purification was 
accomplished by SiO2  column chromatography, eluting with 7:3 Hex/EtOAc. The desired acyl 
pyrazole, 2.3ac, was isolated as a pale yellow oil.  1H NMR (CDCl3, 400 MHz)  ppm 1.28 & 
1.49 (s, 9 H), 1.87 - 2.14 (m, 3 H), 2.34 - 2.53 (m, 1 H), 3.44 - 3.75 (m, 2 H), 5.52 - 5.63 (m, 1 H), 
6.44 & 6.49 (dd, J=2.4, 1.3 Hz & dd, J=2.7, 1.4 Hz, 1 H), 7.72 & 7.75 (s, 1 H), 8.27 & 8.30 (d, 
J=2.8 Hz, & d, J=2.8 Hz, 1 H) 13C NMR (CDCl3, 100 MHz)  ppm 24.12 & 24.64 (CH2), 28.34 
& 28.74 (CH3), 30.74 & 31.55 (CH2), 46.94 & 47.26 (CH2), 58.36 & 58.64 (CH), 80.21 & 80.24 
(s, 1 C), 109.80 & 110.07 (CH), 128.82 & 129.18 (CH), 144.41 (CH), 153.87 & 154.67 (C), 171.30 
& 171.99 (C) GC-MS (EI) 266 ([M]+, 0.1%) 209 (2%) 197 (8%) 192 (7%) 170 (12%) 164 (35%) 
141 (47%) 114 (78%) 95 (5%) 70 (100%) 57 (86%) 41 (45%) HRMS (DART) calcd for 
C13H20N3O3 [M+H]
+: 266.1505, found: 266.1479.  
8.4 General procedure for synthesis, isolation procedures, and spectral characterization 




To a 6-dram vial equipped with a stir bar was added 4-formylbenzonitrile, 2.1e, (0.656 g, 0.005 
mol, 1 equiv), ACT (0.213 g, 0.001 mol, 0.2 equiv), pyrazole, 2.2a (0.511 g, 0.0075 mol, 1.5 
equiv), pyridine (0.978 g, 0.0125 mol, 2.5 equiv), and MeCN (10 mL, 0.5 M). The reaction mixture 
was stirred for two minutes and, after this time, sodium persulfate (2.62 g, 0.011 mol, 2.2 equiv) 
and Ru(bpy)3(PF6)2 (0.086 g, 0.0001 mol, 0.02 equiv) were added. The vial was sealed with a cap 
and the vial was irradiated in the aforementioned LED reactor for 24 h. After this time, Et2O (10 
mL) was added and the resulting mixture was filtered through a coarse porosity fritted glass funnel. 
The solvent was then removed in vacuo to afford the crude N-acyl pyrazole which was used 
directly in the next step. 
Stage Two: 
To a 50 mL round bottom flask equipped with a stir bar was added the crude acyl pyrazole in 
MeCN (5 mL) and allowed to stir for 5 minutes. After this time, Et3N (2.53 g, 3.48 mL, 0.025 mol, 
5 equiv) was added all at once, followed by dropwise addition of freshly distilled cyclohexylamine 
(1.49 g, 1.72 mL, 0.015 mol, 3 equiv). The reaction was allowed to stir for 12 h at room 
temperature, and after this time, Et2O (~ 20 mL) was added. The solution was then transferred to 
a separatory funnel and diluted with aqueous 0.5 M HCl (100 mL). The layers were separated and 
the aqueous layer was extracted with Et2O (3 × 50 mL). The combined organic layers were washed 
with 0.5 M HCl (3 × 50 mL), saturated aqueous NaHCO3 (50 mL), deionized H2O (50 mL), and 
brine (100 mL). The organic layer was dried over Na2SO4 and the solvent was removed in vacuo 





1H NMR (CDCl3, 400 MHz)  ppm 1.20 - 1.33 (m, 3 H), 1.39 - 1.52 (m, 2 H), 1.70 (dt, J=13.0, 
3.6 Hz, 1 H), 1.79 (dt, J=13.5, 3.7 Hz, 2 H), 2.01 - 2.12 (m, 2 H), 3.87 - 4.10 (m, 1 H), 5.98 (d, 
J=6.4 Hz, 1 H), 7.75 (d, J=8.4 Hz, 2 H), 7.87 (d, J=8.4 Hz, 2 H) 
  
 107 
13C NMR (CDCl3, 100 MHz)  ppm 25.14 (CH2), 25.77 (CH2), 33.42 (CH2), 49.42 (CH), 115.18 
(C), 118.33 (C), 127.87 (CH), 132.69 (CH), 139.31 (C), 165.08 (C) 
GC-MS (EI)  228 ([M]+ , 11%) 185 (8%) 147 (77%) 130 (100%) 102 (61%) 82 (16%) 75 (11%) 





To a 6-dram vial equipped with a stir bar was added 2-bromobenzyl alcohol, 2.4ad (0.935 g, 0.005 
mol, 1 equiv), ACT (0.213 g, 0.001 mol, 0.2 equiv), pyrazole, 2.2a (0.511 g, 0.0075 mol, 1.5 
equiv), pyridine (1.98 g, 0.025 mol, 5 equiv), and MeCN (10 mL, 0.5 M). The reaction mixture 
was stirred for two minutes and, after this time, sodium persulfate (5.95 g, 0.025 mol, 5 equiv) and 
Ru(bpy)3(PF6)2 (0.086 g, 0.0001 mol, 0.02 equiv) were added. The vial was sealed with a cap and 
the vial was irradiated in the aforementioned LED reactor for 24 h. After this time, Et2O (10 mL) 
was added and the resulting mixture was filtered through a coarse porosity fritted glass funnel. The 
solvent was then removed in vacuo to afford the crude N-acyl pyrazole which was used directly in 
the next step. 
Stage Two: 
To a 50 mL round bottom flask equipped with a stir bar was added the crude acyl pyrazole in 
MeCN (5 mL) and allowed to stir for 5 minutes. After this time, Et3N (2.53 g, 3.48 mL, 0.025 mol, 
5 equiv) was added all at once, followed by dropwise addition of freshly distilled cyclohexylamine 
(1.49 g, 1.72 mL, 0.015 mol, 3 equiv). The reaction was allowed to stir for 12 h at room 
temperature, and after this time, Et2O (~ 20 mL) was added. The solution was then transferred to 
a separatory funnel and diluted with aqueous 0.5 M HCl (100 mL). The layers were separated and 
the aqueous layer was extracted with Et2O (3 × 50 mL). The combined organic layers were washed 
with 0.5 M HCl (3 × 50 mL), saturated aqueous NaHCO3 (50 mL), deionized H2O (50 mL), and 
brine (100 mL). The organic layer was dried over Na2SO4 and the solvent was removed in vacuo 
to afford the pure amide 2.5ad (1.10 g, 78%) as a white powdery solid. 
1H NMR (CDCl3, 400 MHz)  ppm 1.17 - 1.37 (m, 3 H), 1.38 - 1.52 (m, 2 H), 1.66 (dt, J=12.9, 
3.8 Hz, 1 H), 1.77 (dt, J=13.5, 3.9 Hz, 2 H), 2.02 - 2.13 (m, 2 H), 3.95 - 4.09 (m, 1 H), 5.86 (br. s., 
1 H), 7.27 (td, J=7.5, 1.8 Hz, 1 H), 7.34 - 7.39 (m, 1 H), 7.53 (dd, J=7.6, 1.7 Hz, 1 H), 7.59 (dd, 
J=8.0, 1.0 Hz, 1 H).  
13C NMR (CDCl3, 100 MHz)  ppm 25.03 (CH2), 25.79 (CH2), 33.18 (CH2), 49.18 (CH), 119.48 
(C), 127.79 (CH), 129.80 (CH), 131.28 (CH), 133.52 (CH), 138.53 (C), 166.92 (C) 
 GC-MS (EI)  283 ([M]+ , 81Br, 14%) 281 ([M]+, 79Br, 15%) 202 (81Br, 74%) 200 (79Br, 74%) 185 
(81Br, 97%) 183 (79Br, 100%) 157 (81Br, 37%) 155 (79Br, 36%) 105 (17%) 82 (8%) 76 (38%) 67 






9. Experimental Details for Chapter Three 
9.1 Photo-oxidation of aldehydes with ammonium persulfate as the nitrogen source 
Procedure for Table 4 
To an oven-dried 2-dram reaction vial equipped with a stirbar was added 4-methoxybenzaldehyde  
(3.1a, 0.136 g, 1 mmol, 1 eq.), pyridine (0.474 g, 6.0 mmol, 6 eq.) and HMDS (0.403 g, 2.5 mmol, 
2.5 eq.), followed by acetonitrile (2 mL, 0.5 M in 3.1a). Then, the vial was charged with 
Ru(bpy)3(PF6)2 (0.017 g, 0.02 mmol, 0.02 eq.), ACT (0.043 g, 0.20 mmol, 0.20 eq.), dry Na2S2O8 
(0.524 g, 2.2 mmol, 2.2 eq.), and activated 3 Å molecular sieves (~0.2 g). The vial was sealed with 
a cap and parafilm. It was irradiated in blue LED reactor for the given reaction time (Table 1). The 
temperature of the reaction was maintained at approximately rt by using a fan. After the allotted 
reaction time, 0.6 ml of TBAF solution (1M in THF) added and the reaction mixture was stirred 
for 1 h. After this time, the reaction mixture was quenched with EtOAc and transferred to a 
separatory funnel. It was diluted with EtOAc (30 ml) and 2 M aqueous HCl (30 ml). The layers 
were separated, and the aqueous layer was extracted with EtOAc (3 × 20 ml). The organic layers 
were then combined and washed with 2 M aqueous HCl (2 × 20 ml), and brine (20 mL). The 
organic layer was then dried over sodium sulfate and the solvent removed in vacuo to afford the 
crude product. Conversion determined by integration of signals in the 1H-NMR spectrum of the 
crude product mixture. 
Procedure for Table 5 
To an oven-dried 2-dram reaction vial equipped with a stirbar was added 4-methoxybenzaldehyde, 
(3.1a, 0.136 g, 1 mmol, 1 eq.) and pyridine, followed by the solvent (2 mL, 0.5 M in 3.1a). Then, 
the vial was charged with the photocatalyst, primary oxidant, dry (NH4)2S2O8, and activated 3 Å 
molecular sieves (~0.2 g) (Table 2). The vial was sealed with a cap and parafilm. It was irradiated 
in blue LED reactor for 24 h. The temperature of the reaction was maintained at approximately 
50 ℃ by not using a fan with the blue LED set up. After this time, the reaction mixture was 
quenched with EtOAc and transferred to a separatory funnel. It was diluted with EtOAc (30 ml) 
and 0.5 M aqueous HCl (30 ml). The layers were separated, and the aqueous layer was extracted 
with EtOAc (3 × 20 ml). The organic layers were then combined and washed with 0.5 M aqueous 
HCl (2 × 20 ml), and brine (20 mL). The organic layer was then dried over sodium sulfate and the 
solvent removed in vacuo to afford the crude product. The 1H-NMR of the crude product mixture 
was taken to determine the purity of the nitrile by integrating the peaks in the spectrum. To 
eliminate any unreacted aldehyde, the crude mixture was dissolved in 5 ml of methanol, 25 ml of 
saturated NaHSO3 (aq.), shaken for 30 s, diluted with 25 ml of water. The aqueous layer was 
extracted with EtOAc (3 × 20 ml) to afford the crude product.6  
To further purify the product from any polar impurities, the resulting crude mixture was adhered 
to silica gel using 1.5 weight equivalents of SiO2 (relative to the theoretical yield). The dry-packed 
material was gently added atop a silica gel plug. The plug was washed with an excess of hexanes 
(≈ 5 column volumes). The desired product was eluted off the plug via a 90:10 by volume mixture 
of hexanes: EtOAc (3-4 column volumes). The solvent was removed in vacuo by rotary 
evaporation affording the pure nitrile 4-methoxybenzonitrile (3.2a) as a white solid. 
 
6 Boucher M. M.; Furigay M. H.; Quach Phong K.; Brindle C. S. Org. Process Res. Dev. 2017, 21, 1394. 
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General procedure for synthesis, isolation procedures, and spectral characterization 
information of the nitriles in Table 6 
4-methoxybenzonitrile, 3.2a 
To an oven-dried 4-dram reaction vial equipped with a stirbar was added the 4-
methoxybenzaldehyde (3.1a, 0.136 g, 1 mmol, 1 eq.) and pyridine (0.474 g, 6.0 mmol, 6 eq.), 
followed by acetonitrile (2 mL, 0.5 M in 3.1a). Then, the vial was charged with Ru(bpy)3(PF6)2 
(0.017 g, 0.02 mmol, 0.02 eq.), ACT (0.043 g, 0.20 mmol, 0.20 eq.), dry (NH4)2S2O8 (0.501 g, 2.2 
mmol, 2.2 eq.), and activated 3 Å molecular sieves (~0.2 g). The vial was sealed with a 
cap and parafilm. It was irradiated in blue LED reactor for 24 h. The temperature of the reaction 
was maintained at approximately 50 ℃ by not using a fan. After this time, the reaction mixture 
was quenched with EtOAc and transferred to a separatory funnel. It was diluted with EtOAc (30 
ml) and 0.5 M aqueous HCl (30 ml). The layers were separated, and the aqueous layer was 
extracted with EtOAc (3 × 20 ml). The organic layers were then combined and washed with 0.5 
M aqueous HCl (2 × 20 ml), saturated aqueous sodium bicarbonate (2 × 20 ml), and finally brine 
(20 mL). The organic layer was then dried over sodium sulfate and the solvent removed in 
vacuo to afford the crude product. The 1H-NMR of the crude product mixture was taken to 
determine the purity of the nitrile by integrating the peaks in the spectrum. To eliminate any 
unreacted aldehyde, the crude mixture was dissolved in 5 ml of methanol, 25 ml of saturated 
NaHSO3 (aq.), shaken for 30 s, diluted with 25 ml of water. The aqueous layer was extracted with 
EtOAc (3 × 20 ml) to afford the crude product.  
To further purify the product from any polar impurities, the resulting crude mixture was adhered 
to silica gel using 1.5 weight equivalents of SiO2 (relative to the theoretical yield). The dry-packed 
material was gently added atop a silica gel plug. The plug was washed with an excess of hexanes 
(≈ 5 column volumes). The desired product was eluted off the plug via a 90:10 by volume mixture 
of hexanes: EtOAc (3-4 column volumes). The solvent was removed in vacuo by rotary 
evaporation affording the 3.2a (0.066 g, 50%) as a white solid. 
1H NMR (400 MHz, CDCl3)  ppm 7.58 (d, J = 8.9 Hz, 2H), 6.95 (d, J = 8.9 Hz, 2H), 3.86 (s, 
3H).  
13C NMR (100 MHz, CDCl3)  ppm 162.98, 134.11, 119.34, 114.88, 104.13, 55.67. 
 
4-nitrobenzonitrile, 3.2b. The product (0.083 g, 56%) was obtained as an off-white solid via the 
same protocol as 3.2a. 1H NMR (400 MHz, CDCl3) δ ppm 8.36 (d, J = 9.0 Hz, 2H), 7.89 (d, J = 
8.6 Hz, 2H). 13C NMR (100 MHz, CDCl3)  ppm
 150.18, 133.60, 124.41, 118.47, 116.91. 
 
2-nitrobenzonitrile, 3.2c. The product (0.108 g, 73%) was obtained as a crystalline yellow solid 
via the same protocol as 3.2a. 1H NMR (400 MHz, CDCl3) δ ppm 8.39 – 8.30 (m, 1H), 7.96 – 
7.90 (m, 1H), 7.89 – 7.79 (m, 2H). 13C NMR (100 MHz, CDCl3)  ppm
 148.72, 135.72, 134.44, 
133.84, 125.69, 115.05, 108.22. 
 
Terephthalonitrile, 3.2c. The product (0.094 g, 73%) was obtained as a light yellow fluffy solid 
via the same protocol as 3.2a with the following modification: no further purification was needed 
after work-up. 1H NMR (400 MHz, CDCl3) δ ppm 7.79 (s, 4H). 13C NMR (100 MHz, CDCl3) 





4-(trifluoromethyl)benzonitrile, 3.2d. The product (0.041 g, 24%) was obtained as a white solid 
via the same protocol as 3.2a. 1H NMR (400 MHz, CDCl3) δ ppm 7.81 (d, J = 8.3 Hz, 2H), 7.76 
(d, J = 8.4 Hz, 2H). 13C NMR (100 MHz, CDCl3)  ppm 134.72 (q, J = 33.5 Hz), 132.83, 126.33 
(q, J = 3.8 Hz), 123.19 (q, J = 273.1 Hz). 117.56, 116.23. 19F NMR (377 MHz, CDCl3)  ppm -
66.67 (s). 
 
3-nitrobenzonitrile, 3.2e. The product (0.107 g, 72%) was obtained as a white solid via the same 
protocol as 3.2a. 1H NMR (400 MHz, CDCl3) δ ppm 8.53 (s, 1H), 8.48 (d, J = 8.5 Hz, 1H), 8.00 
(d, J = 7.7 Hz, 1H), 7.74 (t, J = 8.1 Hz, 1H). 13C NMR (100 MHz, CDCl3)  ppm 148.30, 137.72, 
130.78, 127.62, 127.29, 116.62, 114.18. 
 
2-bromobenzonitrile, 3.2f. The product (0.110 g, 60%) was obtained as a yellowish solid via the 
same protocol as 3.2a with the following modification: silica gel plug was performed with 95:5 
by volume mixture of hexanes: EtOAc in place of 90:10. 1H NMR (400 MHz, CDCl3) δ ppm 7.75 
– 7.61 (m, 2H), 7.51 – 7.38 (m, 2H). 13C NMR (100 MHz, CDCl3)  ppm 134.43, 134.01, 133.32, 
127.75, 125.42, 117.23, 116.00. 
 
2-bromo-4-fluorobenzonitrile, 3.2h. The product (0.120 g, 60%) was obtained as a white solid 
via the same protocol as 3.2a with the following modification: silica gel plug was performed with 
95:5 by volume mixture of hexanes: EtOAc in place of 90:10. 1H NMR (400 MHz, CDCl3) δ ppm 
7.68 (dd, J = 8.6, 5.9 Hz, 1H), 7.43 (dd, J = 7.9, 2.9 Hz, 1H), 7.18 – 7.12 (m, 1H). 13C NMR (100 
MHz, CDCl3)  ppm
 164.59 (d, J = 261.1 Hz), 136.13 (d, J = 9.7 Hz), 126.81 (d, J = 10.2 Hz), 
121.31 (d, J = 25.3 Hz), 116.54, 115.81 (d, J = 22.5 Hz), 112.38 (d, J = 3.9 Hz). 19F NMR (377 
MHz, CDCl3)  ppm -103.59 (s). 
 
1-naphthonitrile, 3.2i. The product (0.078 g, 51%) was obtained as an off-white sold via the same 
protocol as 3.2a. 1H NMR (400 MHz, CDCl3) δ ppm 8.23 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 8.4 Hz, 
1H), 7.91 (t, J = 7.4 Hz, 2H), 7.68 (t, J = 7.8 Hz, 1H), 7.62 (t, J = 7.8 Hz, 1H), 7.51 (t, J = 7.7 Hz, 
1H). 13C NMR (100 MHz, CDCl3)  ppm 133.36, 133.01, 132.70, 132.44, 128.75, 128.68, 127.64, 
125.22, 125.01, 117.90, 110.28. 
 
2-chloro-3-pyridinecarbonitrile, 3.2j. The product (0.102 g, 74%) was obtained as a white solid 
via the same protocol as 3.2a with the following modification: no further purification was needed 
after work-up. 1H NMR (400 MHz, CDCl3) δ ppm 8.60 (d, J = 2.6 Hz, 1H), 8.01 (dd, J = 7.8, 2.3 
Hz, 1H), 7.40 (q, J = 2.8 Hz, 1H). 13C NMR (100 MHz, CDCl3)  ppm
 152.95, 152.91, 142.70, 
122.33, 114.67, 111.03. 
 
2-chloroquinoline-3-carbonitrile, 3.2k. The product (0.109 g, 58%) was obtained as a yellowish 
solid via the same protocol as 3.2a with the following modification: silica gel plug was performed 
with 80:20 by volume mixture of hexanes: EtOAc in place of 90:10. 1H NMR (400 MHz, CDCl3) 
δ ppm 8.56 (s, 1H), 8.08 (d, J = 8.5 Hz, 1H), 7.92 (t, J = 8.9 Hz, 2H), 7.70 (t, J = 7.7 Hz, 1H). 13C 





9.2 Photo-oxidation of aldehydes with ammonium carbamate as the nitrogen source 
Procedure for optimization and control studies 
To a 2-dram reaction vial equipped with a stirbar was added the photocatalyst, primary oxidant 
and NH4CO2NH2, followed by the solvent. Then, the vial was charged with 4-
methoxybenzaldehyde (3.1a, 0.5 mmol, 1 eq), pyridine and (NH4)2S2O8. The vial was sealed with 
a cap and a piece of parafilm. It was irradiated in blue LED reactor for 24 h unless noted otherwise. 
The temperature of the reaction was maintained at approximately room temperature by using a fan 
over the light set up. After this time, the reaction mixture was quenched with EtOAc and 
transferred to a separatory funnel. It was diluted with EtOAc (30 ml) and 2 M aqueous HCl (30 
ml). The layers were separated, and the aqueous layer was extracted with EtOAc (3 × 20 ml). The 
organic layers were then combined and washed with 2 M aqueous HCl (2 × 20 ml). The 
organic layer was then dried over sodium sulfate and the solvent was removed in vacuo to afford 
the crude product. Conversion to nitrile was determined by integration of signals in the 1H-NMR 


































1 2 20 4 2.5 2.2 0.95:0.05 95 2 
2 2 20 4 2.5 2.2 0.99:0.01 75 21 
3 2 20 4 2.5 2.2 0.50:0.50 22 66 
4 2 20 4 2.5 2.2 0.80:0.20 34 52 
5 2 20 4 2.5 2.2 1:0 77 18 
6 2 20 4 2.5 2.2 0:1 10 82 
7 2 20 4 0 2.2 0.95:0.05 79 13 
8 2 20 4 10b 2.2 0.95:0.05 74 13 
9 2 20 4 1.5 2.2 0.95:0.05 86 10 
10 2 20 4 4 2.2 0.95:0.05 96 1 
11 2 20 4 2.5c 2.2 0.95:0.05 14 81 
12 1 20 4 2.5 2.2 0.95:0.05 86 11 
13 5 20 4 2.5 2.2 0.95:0.05 92 5 
14 2 10 4 2.5 2.2 0.95:0.05 86 11 
15 2 40 4 2.5 2.2 0.95:0.05 88 10 
17 2 20 4 2.5 1.5 0.95:0.05 80 17 
18 2 20 4 2.5 4 0.95:0.05 89 6 
19 2 20 1.5 2.5 2.2 0.95:0.05 77 10 
20 2 20 2.5 2.5 2.2 0.95:0.05 90 7 
21 2 20 6 2.5 2.2 0.95:0.05 93 4 
 
a Conversion determined by integration of signals in the 1H-NMR spectrum of the crude product mixture in acetone-
D6. b 10 mol% of pyridine was used. c Acetic acid was used instead of pyridine.  
 
 
Ru(bpy)3(PF6)2 (mol%), NH4CO2NH2 (eq)
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1 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
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ACT, 20 NH4CO2NH2, 
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3b Eosin Y, 5 ACT, 20 NH4CO2NH2, 
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m BF4-, 5 
ACT, 20 NH4CO2NH2, 
4 





5 Ru(bpy)3(PF6)2, 2 1.1b, 20 NH4CO2NH2, 
4 





6 Ru(bpy)3(PF6)2, 2 1.2a, 20 NH4CO2NH2, 
4 





7c Ru(bpy)3(PF6)2, 2 1.4b, 20 NH4CO2NH2, 
4 





8d Ru(bpy)3(PF6)2, 2 1.3b, 20 NH4CO2NH2, 
4 




















12 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 














14 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





15 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 
Pyridine, 2.5 tBuOOH, 2.2 MeCN:H2O 95:5 
(0.5M) 
83 7 
16 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





17 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 
Pyridine, 2.5 Na2S2O8, 2.2 MeCN:H2O 95:5 
(0.5M) 
92 4 
18 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 
Pyridine, 2.5 K2S2O8, 2.2 MeCN:H2O 95:5 
(0.5M) 
65 31 
19 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





20 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





21 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





22 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





23 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





24 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





25e Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





26f Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





27g Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





28 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 





29 Ru(bpy)3(PF6)2, 2 ACT, 20 NH4CO2NH2, 
4 

















a Conversion determined by integration of signals in the 1H-NMR spectrum of the crude product mixture in acetone-
D6. b Green LED strips was used in place of blue LED strips. c 1.4b: 4-Acetamido-2,2,6,6-tetramethylpiperidine-N-
hydroxyammonium tetrafluoroborate salt. 1.3b: 4-Acetamido-2,2,6,6-tetramethylpiperidine-N-hydroxylamine. e Blue 
MeO
3.2a
Nphotocatalyst (mol%), primary oxidant (mol%)
 base (eq), solvent , blue LEDs, ~rt, 24 h







LED lamp was used in place of blue LED strips. f White LED strips was used in place of blue LED strips. g Household 
bulb was used in place of blue LED strips. h Reaction performed with 0.001 mol of 3.1a instead of 0.0005 mol.  
 
General procedure for synthesis, isolation procedures, and spectral characterization 
information of the nitriles in Tables 9 and 10 
From Aldehydes 
4-methoxybenzonitrile, 3.2a  
To a 4-dram reaction vial equipped with a stirbar was added the Ru(bpy)3(PF6)2 (0.017 g, 0.00002 
mol, 0.02 eq), ACT (0.043 g, 0.0002 mol, 0.2 eq) and NH4CO2NH2 (0.312 g, 0.004 mol, 4 eq) was 
added followed by 1.3 ml of MeCN and 0.06 ml of water (95:5/v, 0.74 M in aldehyde). Then, the 
vial was charged with p-anisaldehyde, 3.1a (0.136 g, 0.001 mol, 1 eq), pyridine (0.198 g, 0.0025 
mol, 2.5 eq) and (NH4)2S2O8 (0.502 g, 0.0022 mol, 2.2 eq). The vial was sealed with a cap and a 
piece of parafilm. It was irradiated in blue LED reactor for 24 h unless noted otherwise. The 
temperature of the reaction was maintained at approximately room temperature by using a fan over 
the light set up. After this time, the reaction mixture was quenched with Et2O, filtered through a 
coarse porosity fritted glass funnel, and transferred into a separatory funnel. It was diluted with 
Et2O (30 ml) and 2 M aqueous HCl (30 ml). The layers were separated, and the aqueous layer was 
extracted with Et2O (3 × 20 ml). The organic layers were then combined and washed with 2 M 
aqueous HCl (2 × 20 ml), saturated aqueous sodium bicarbonate (2 × 20 ml), and finally with brine 
(20 ml). The organic layer was then dried over sodium sulfate and the solvent was evaporated in 
vacuo to ~20 ml. To eliminate any unreacted aldehyde, 25 ml of 1 M aqueous sodium metabisulfite 
solution was added to the organic layer and stirred for 3-4 h. The reaction mixture was transferred 
into separatory funnel and the aqueous layer was extracted with EtOAc (3 × 20 ml). The organic 
layers were combined, dried over sodium sulfate, and concentrated in vacuo to afford the crude 
product.  
To further purify the product from any polar impurities, the resulting crude mixture was adhered 
to silica gel using 1.5 weight equivalents of SiO2 (relative to the theoretical yield). The dry-packed 
material was gently added atop a silica gel plug. The plug was washed with an excess of hexanes 
(≈ 5 column volumes). The desired product was eluted off the plug via a 90:10 by volume mixture 
of hexanes: EtOAc (3-4 column volumes). The solvent was removed in vacuo by rotary 
evaporation affording the pure nitrile 3.2a (0.120 g, 90%) as a white solid. 
1H NMR (400 MHz, CDCl3) δ ppm 7.58 (d, J = 8.9 Hz, 2H), 6.95 (d, J = 8.9 Hz, 2H), 3.86 (s, 
3H).  
13C NMR (101 MHz, CDCl3) δ ppm 162.98, 134.11, 119.34, 114.88, 104.12, 55.66. 
 
Terephthalonitrile, 3.2c (0.077 g, 60%) was prepared according to the general procedure from 4-
cyanobenzaldehyde, 3.1c (0.131 g, 0.001 mol) with the following modification: no further 
purification was needed after work-up. The desired nitrile was isolated as an off-white solid. 1H 
NMR (400 MHz, CDCl3) δ ppm 7.79 (s, 4H). 









4-(tert-butyl)benzonitrile, 3.2o (0.156 g, 98%) was prepared according to the general procedure 
from 4-(tert-butyl)benzaldehyde, 3.1o (0.162 g, 0.001 mol) with the following modification: no 
further purification was needed after work-up. The desired nitrile was isolated as a clear, orangish-
yellow oil. 1H NMR (400 MHz, CDCl3) δ ppm 7.57 (d, J = 8.4 Hz, 2H), 7.47 (d, J = 8.4 Hz, 2H), 
1.32 (s, 9H). 13C NMR (101 MHz, CDCl3) δ ppm 156.70, 132.01, 126.23, 119.19, 109.37, 35.31, 
30.99. 
 
4-(methylthio)benzonitrile, 3.2p (0.107 g, 72%) was prepared according to the general procedure 
from 4-(methylthio)benzaldehyde, 3.1p (0.152 g, 0.001 mol) with the following modifications: 1) 
5 eq of pyridine (0.395 g, 0.005 mol) was used; 2) No further purification was needed after work-
up. The desired nitrile was isolated as an off-white solid. 1H NMR (400 MHz, CDCl3) δ ppm 7.52 
(d, J = 8.0 Hz, 2H), 7.25 (d, J = 7.9 Hz, 2H), 2.50 (s, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 
146.22, 132.24, 125.60, 119.05, 107.75, 14.78. 
 
Methyl 4-cyanobenzoate, 3.2q (0.130 g, 81%) was prepared according to the general procedure 
from methyl 4-formylbenzoate, 3.1q (0.164 g, 0.001 mol) with the following modification: no 
further purification was needed after work-up. The desired nitrile was isolated as an off-white 
solid. 1H NMR (400 MHz, CDCl3) δ ppm 8.11 (d, J = 8.2 Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H), 3.94 
(s, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 165.48, 134.00, 132.29, 130.16, 118.01, 116.46, 
52.78. 
 
2-methoxybenzonitrile, 3.2r (0.113 g, 85%) was prepared according to the general procedure 
from 2-methoxybenzaldehyde, 3.1r (0.136 g, 0.001 mol) with the following modifications: 1) 5 
eq of pyridine (0.395 g, 0.005 mol) was used; 2) No further purification was needed after work-
up. The desired nitrile was isolated as a pale-yellow oil. 1H NMR (400 MHz, CDCl3) δ ppm 7.52 
(ddd, J = 7.4, 4.5, 2.7 Hz, 2H), 7.01-6.93 (m, 2H), 3.90 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 
ppm 161.25, 134.48, 133.73, 120.80, 116.55, 111.38, 101.74, 56.03. 
 
2-bromobenzonitrile, 3.2f (0.158 g, 87%) was prepared according to the general procedure from 
2-bromobenzaldehyde, 3.2f (0.185 g, 0.001 mol) with the following modifications: 1) 5 eq of 
pyridine (0.395 g, 0.005 mol) was used; 2) No further purification was needed after work-up. The 
desired nitrile was isolated as a yellow solid. 1H NMR (400 MHz, CDCl3 in TMS) δ ppm 7.72-
7.64 (m, 2H), 7.49-7.39 (m, 2H). 13C NMR (101 MHz, CDCl3) δ ppm 134.41, 134.01, 133.30, 
127.75, 125.39, 117.22, 115.95. 
 
3-nitrobenzonitrile, 3.2e (0.078 g, 53%) was prepared according to the general procedure from 
3-nitrobenzaldehyde, 3.1e (0.151 g, 0.001 mol) with the following modifications: 1) No aldehyde 
elimination was needed after work-up; 2) Silica gel plug was performed with 85:15/v mixture of 
hexanes: EtOAc in place of 90:10. The desired nitrile was isolated as an off-white flake. 1H NMR 
(400 MHz, CDCl3 in TMS) δ ppm 8.54 (t, J = 1.9 Hz, 1H), 8.48 (ddd, J = 8.3, 2.3, 1.1 Hz, 1H), 
8.00 (dt, J = 7.8, 1.3 Hz, 1H), 7.74 (t, J = 8.0 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ ppm 148.30, 






2-bromo-4-fluorobenzonitrile, 3.2h (0.184 g, 92%) was prepared according to the general 
procedure from 2-bromo-4-fluorobenzaldehyde, 3.1h (0.203 g, 0.001 mol) with the following 
modifications: 1) 5 eq of pyridine (0.395 g, 0.005 mol) was used; 2) No further purification was 
needed after work-up. The desired nitrile was isolated as an off-white solid.  1H NMR (400 MHz, 
CDCl3 in TMS) δ ppm 7.68 (dd, J = 8.7, 5.5 Hz, 1H), 7.45 (dd, J = 8.0, 2.5 Hz, 1H), 7.16 (ddd, J 
= 8.7, 7.7, 2.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ ppm 164.60 (d, J = 261.1 Hz), 136.13 (d, 
J = 9.7 Hz), 126.83 (d, J = 10.2 Hz), 121.32 (d, J = 25.3 Hz), 116.55, 115.81 (d, J = 22.5 Hz), 
112.40 (d, J = 3.8 Hz). 
 
2,4-dimethoxybenzonitrile, 3.2s (0.141 g, 86%) was prepared according to the general procedure 
from 2,4-dimethoxybenzaldehyde, 3.1s (0.166 g, 0.001 mol) with the following modification: no 
further purification was needed after work-up. The desired nitrile was isolated as a yellow solid. 
1H NMR (400 MHz, CDCl3) δ ppm 7.08 (dd, J = 9.1, 3.1 Hz, 1H), 7.04 (d, J = 3.0 Hz, 1H), 6.89 
(d, J = 9.1 Hz, 1H), 3.87 (s, 3H), 3.77 (s, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 155.85, 153.29, 
120.92, 117.74, 116.48, 112.75, 101.93, 56.53, 56.07. 
 
3,4-(methylenedioxy)benzonitrile, 3.2t (0.066 g, 45%) was prepared according to the general 
procedure from piperonal, 3.1t (0.150 g, 0.001 mol) with the following modifications: 1) 5 eq of 
pyridine (0.395 g, 0.005 mol) was used; 2) No further purification was needed after the elimination 
of aldehyde. The desired nitrile was isolated as an off-white solid. 1H NMR (300 MHz, CDCl3) δ 
ppm 7.24-7.18 (m, 1H), 7.03 (d, J = 1.6 Hz, 1H), 6.86 (d, J = 8.1 Hz, 1H), 6.07 (s, 2H). 13C NMR 
(75 MHz, CDCl3) δ ppm 151.67, 148.17, 128.37, 119.04, 111.56, 109.27, 105.11, 102.35. 
 
3,4,5-trimethoxybenzonitrile, 3.2u (0.173 g, 90%) was prepared according to the general 
procedure from 3,4,5-trimethoxybenzaldehyde, 3.1u (0.196 g, 0.001 mol) with the following 
modifications: 1) 5 eq of pyridine (0.395 g, 0.005 mol) was used; 2) No further purification was 
needed after work-up. The desired nitrile was isolated an off-white solid. 1H NMR (400 MHz, 
CDCl3) δ ppm 6.83 (t, J = 2.0 Hz, 2H), 3.87 (s, 3H), 3.85 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 
ppm 153.62, 142.41, 118.99, 109.53, 106.75, 61.06, 56.44. 
 
1-naphthonitrile, 3.2i (0.124 g, 81%) was prepared according to the general procedure from 1-
naphthaldehyde, 3.1i (0.156 g, 0.001 mol) with the following modification: no further purification 
was needed after work-up. The desired nitrile was isolated as a yellow solid. 1H NMR (400 MHz, 
CDCl3) δ ppm 8.22 (d, J = 8.4 Hz, 1H), 8.05 (d, J = 8.6 Hz, 1H), 7.90 (t, J = 7.9 Hz, 2H), 7.67 (t, 
J = 7.8 Hz, 1H), 7.60 (t, J = 7.7 Hz, 1H), 7.50 (t, J = 7.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 
ppm 133.39, 133.05, 132.74, 132.49, 128.77, 128.71, 127.67, 125.27, 125.04, 117.93, 110.33.  
 
2-chloro-3-pyridinecarbonitrile, 3.2v (0.042 g, 30%) was prepared according to the general 
procedure from 2-chloro-3-pyridinecarboxaldehyde 3.1v (g, 0.001 mol) with the following 
modifications: 1) 5 eq of pyridine (0.395 g, 0.005 mol) was used; 2) Ran for 18 h instead of 24 h; 
3) No aldehyde elimination was needed after work-up; 4) Silica gel plug was performed with 
85:15/v mixture of hexanes: EtOAc in place of 90:10. The desired nitrile was isolated as an off-
white solid. 1H NMR (400 MHz, CDCl3 in TMS) δ ppm 8.62 (dd, J = 4.9, 2.0 Hz, 1H), 8.02 (dd, 
J = 7.8, 2.0 Hz, 1H), 7.40 (dd, J = 7.7, 4.9 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ ppm 152.99, 




2-chloroquinoline-3-carbonitrile, 3.2k (0.147 g, 78%) was prepared according to the general 
procedure from 2-chloroquinoline-3-carboxaldehyde, 3.1k (0.192 g, 0.001 mol) with the following 
modifications: 1) 5 eq of pyridine (0.395 g, 0.005 mol) was used; 2) The aqueous layer was 
extracted with EtOAc in place of Et2O; 3) No further purification was needed after an elimination 
of the aldehyde. The desired nitrile was isolated as an off-white solid. 1H NMR (400 MHz, CDCl3 
in TMS) δ ppm 8.57 (s, 1H), 8.09 (dd, J = 8.4, 1.2 Hz, 1H), 7.96-7.87 (m, 2H), 7.71 (ddd, J = 8.2, 
6.9, 1.2 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ ppm 148.38, 148.37, 144.95, 134.03, 129.02, 
128.84, 128.21, 125.25, 115.17, 108.02. 
 
5-bromothiophene-2-carbonitrile, 3.2n (0.131 g, 70%) was prepared according to the general 
procedure from 5-bromothiophene-2-carboxaldehyde, 3.1n (0.191 g, 0.001 mol) with the 
following modifications: 1) 5 eq of pyridine (0.395 g, 0.005 mol) was used; 2) No further 
purification was needed after the elimination of aldehyde. The desired nitrile was isolated as a 
yellow solid. 1H NMR (400 MHz, CDCl3 in TMS) δ ppm 7.39 (d, J = 4.0 Hz, 1H), 7.10 (d, J = 4.1 




To a 4-dram reaction vial equipped with a stirbar was added the Ru(bpy)3(PF6)2 (0.017 g, 2 mol%, 
0.02 eq), ACT (0.043 g, 20 mol%, 0.2 eq) and NH4CO2NH2 (0.312 g, 0.004 mol, 4 eq) was added 
followed by 1.3 ml of MeCN and 0.06 ml of water (95:5/v, 0.74 M in aldehyde). Then, the vial 
was charged with 4-methylbenzyl alcohol, 3.4w (0.122 g, 0.001 mol, 1 eq), pyridine (0.395 g, 
0.005 mol, 5 eq) and (NH4)2S2O8 (1.141 g, 0.005 mol, 5 eq). The vial was sealed with a cap and a 
piece of parafilm. It was irradiated in blue LED reactor for 24 h unless noted otherwise. The 
temperature of the reaction was maintained at approximately room temperature by using a fan over 
the light set up. After this time, the reaction mixture was quenched with Et2O, filtered through a 
coarse porosity fritted glass funnel, and transferred into a separatory funnel. It was diluted with 
Et2O (30 ml) and 2 M aqueous HCl (30 ml). The layers were separated, and the aqueous layer was 
extracted with Et2O (3 × 20 ml). The organic layers were then combined and washed with 2 M 
aqueous HCl (2 × 20 ml), saturated aqueous sodium bicarbonate (2 × 20 ml), and finally with brine 
(20 ml). The organic layer was then dried over sodium sulfate and the solvent was removed in 
vacuo by rotary evaporation affording the pure nitrile 3.2w (0.097 g, 83%) as yellow solid. 
1H NMR (400 MHz, CDCl3) δ ppm 7.51 (d, J = 7.7 Hz, 2H), 7.25 (d, J = 7.6 Hz, 2H), 2.40 (s, 
3H). 
13C NMR (101 MHz, CDCl3) δ ppm 143.74, 132.03, 129.86, 119.15, 109.29, 21.82. 
 
4-(tert-butyl)benzonitrile, 3.2o (0.143 g, 90%) was prepared according to the general procedure 
from 4-(tert-butyl)benzyl alcohol, 3.4o (0.164 g, 0.001 mol). The desired nitrile was isolated as a 
clear, yellowish-orange oil. 1H NMR (400 MHz, CDCl3) δ ppm 7.56 (d, J = 8.1 Hz, 2H), 7.47 (d, 
J = 8.2 Hz, 2H), 1.31 (s, 9H). 13C NMR (101 MHz, CDCl3) δ ppm 156.64, 131.95, 126.18, 119.13, 





4-bromobenzonitrile, 3.2x (0.160 g, 88%) was prepared according to the general procedure from 
4-bromobenzyl alcohol, 3.4x (0.187 g, 0.001 mol) with the following modification: silica gel plug 
was performed with 90:10/v mixture of hexanes: EtOAc after work-up to afford the desired nitrile 
as an off-white solid. 1H NMR (400 MHz, CDCl3) δ ppm 7.67-7.59 (m, 2H), 7.55-7.49 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ ppm 133.54, 132.79, 128.15, 118.18, 111.41. 
 
3-methoxybenzonitrile, 3.2y (0.100 g, 75%) was prepared according to the general procedure 
from 3-methoxybenzyl alcohol, 3.4y (0.138 g, 0.001 mol). The desired nitrile was isolated as a 
pale, yellow oil. 1H NMR (400 MHz, CDCl3) δ ppm 7.42-7.34 (m, 1H), 7.26 (t, J = 6.2 Hz, 1H), 
7.14 (d, J = 7.3 Hz, 2H), 3.84 (s, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 159.78, 130.45, 124.62, 
119.45, 118.86, 116.97, 113.35, 55.66. 
 
3,4,5-trimethoxybenzonitrile, 3.2u (0.162 g, 84%) was prepared according to the general 
procedure from 3,4,5-trimethoxybenzyl alcohol, 3.4u (0.198 g, 0.001 mol). The desired nitrile was 
isolated as an off-white solid. 1H NMR (400 MHz, CDCl3) δ ppm 6.82 (t, J = 2.5 Hz, 2H), 3.85 (s, 
3H), 3.83 (s, 6H). 13C NMR (101 MHz, CDCl3) δ ppm 153.58, 142.36, 118.95, 109.49, 106.70, 
61.01, 56.40. 
 
2-naphthalonitrile, 3.2i (0.133 g, 87%) was prepared according to the general procedure from 2-
naphthalenemethanol, 3.4i (0.158 g, 0.001 mol) with the following modification: ran for 48 h 
instead of 24 h to obtain complete conversion to product. The desired nitrile was isolated as an 
orange solid. 1H NMR (400 MHz, CDCl3) δ ppm 8.19 (s, 1H), 7.87 (t, J = 8.0 Hz, 3H), 7.61 (dt, J 
= 17.6, 7.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 134.68, 134.18, 132.28, 129.24, 129.10, 






10. Experimental Details for Chapter Four 
10.1 Procedure for the optimization of the photoamidation step without LiBF4 
To a 2-dram reaction vial equipped with a stir-bar was added Ru(bpy)3(PF6)2 (8.6 mg, 0.02 eq.), 
ACT (21 mg, 0.20 eq.), and acetonitrile (MeCN, 0.5 mL). The vial was charged with pyridine (198 
mg, 5 eq.) and pyrazole (51 mg, 1.5 eq.), and the contents stirred for 2-3 min. Benzylamine (4.3a, 
54 mg, 0.5 mmol, 1 eq.) and Na2S2O8 (sodium persulfate, 595 mg, 5 eq.) were added to the vial 
followed by a further aliquot of acetonitrile (0.5 mL). The vial was sealed with a cap and a piece 
of parafilm. The reaction mixture was irradiated in the blue LED reactor for 24 h unless noted 
otherwise. The temperature of the reaction mixture was maintained at approximately room 
temperature by using a fan positioned over the light set-up. Upon completion of the irradiation 
step, the reaction mixture was quenched with ethyl acetate (EtOAc) and product mixtures were 
analyzed by GC-MS. 
10.2 Procedure for the optimization of the photoamidation step with LiBF4 
To a 4-dram reaction vial equipped with a stir-bar was added the benzylamine (4.3a, 54 mg, 0.5 
mmol, 1 eq.), pyridine (198 mg, 5 eq.), pyrazole (51 mg, 1.5 eq.), MeCN (0.5 mL), and anhydrous 
LiBF4 (14 mg, 0.30 eq.), and the mixture stirred for 5 min. The vial was then charged with ACT 
(21 mg, 0.20 eq.), Ru(bpy)3(PF6)2 (8.6 mg, 0.02 eq.) and Na2S2O8 (595 mg, 5 eq.), and a further 
aliquot of acetonitrile (0.5 mL). The vial was sealed with a cap and the contents irradiated in the 
blue LED reactor for 24 h unless noted otherwise. The temperature of the reaction mixture was 
maintained at approximately room temperature by using a fan positioned over the light set-up. 
Upon completion of the irradiation step, the reaction mixture was quenched with EtOAc and 
product mixtures were analyzed by GC-MS. 
10.3 General procedure for synthesis, isolation procedures, and spectral characterization 
information for the amides in Table 12 and Table 13 
Typical Procedure for concatenating photoamidation and transamidation 
Stage One: To a 4-dram reaction vial equipped with a stir bar was added the benzylamine (4.3, 1 
mmol, 1 eq.), pyridine (395 mg, 5 eq.), pyrazole (102 mg, 1.5 eq.), MeCN (1 mL), and anhydrous 
LiBF4 (28 mg, 0.30 eq.), and the mixture stirred for 5 min. The vial was then charged with ACT 
(43 mg, 0.20 eq.), Ru(bpy)3(PF6)2 (17 mg, 0.02 eq.), and Na2S2O8 (1.190 g, 5 eq.) and a further 
aliquot of acetonitrile (1 mL). The vial was sealed with a septum cap and a vent needle (0.5 mm × 
16 mm) placed through the septum on the vial. The contents of the vial were irradiated in the blue 
LED reactor for 24 h. Upon completion of the irradiation step, the reaction mixture was quenched 
with anhydrous diethyl ether (Et2O) and the vial contents filtered through a coarse-porosity fritted 
glass funnel. The solvent was then removed in vacuo to afford the crude N-acyl pyrazole that was 
used directly in the next step.   
Stage Two: 
To a 50-mL round bottom flask equipped with a stir-bar was added the crude acyl pyrazole in 
acetonitrile (0.5 mL) and the mixture allowed to stir for 2 min. After this time, activated 3Å 
molecular sieves (220 mg), coupling amine (3 eq.), and a further aliquot of acetonitrile (0.5 mL) 
was added to the flask. The flask was then sealed with a septum and the reaction mixture stirred 
for 16 h at room temperature. The reaction was quenched with EtOAc and the contents of the flask 
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transferred to a separatory funnel and diluted with aqueous 0.5 M HCl (100 mL). The layers were 
separated, and the aqueous layer was extracted with EtOAc (3 × 50 mL). The combined organic 
layers were washed with 0.5 M HCl (2 × 50 mL), saturated aqueous sodium bicarbonate (NaHCO3, 
2 × 50 mL), deionized water (50 mL), and brine (100 mL). The organic layer was dried over 
sodium sulfate (Na2SO4) and the solvent was removed in vacuo to afford the crude amide, 4.5. 
Further purification was accomplished by silica plug.  
 
N-cyclohexyl-4-methyl-benzamide, 4.5a. The title product was purified by silica plug (a gradient 
of 90:10 to 85:15; hexanes: EtOAc) and was obtained in 70% yield (152 mg) as an off-white solid. 
1H NMR (400 MHz, CDCl3) δ ppm 7.64 (d, J = 8.1 Hz, 2H), 7.18 (d, J = 7.8 Hz, 2H), 6.11 (d, J 
= 8.1 Hz, 1H), 4.03 – 3.86 (m, 1H), 2.36 (s, 3H), 2.05 – 1.94 (m, 2H), 1.72 (dt, J = 13.4, 3.9 Hz, 
2H), 1.62 (dt, J = 12.5, 3.8 Hz, 1H), 1.46 – 1.31 (m, 2H), 1.29 – 1.12 (m, 3H). 13C NMR (101 
MHz, CDCl3) δ ppm 166.6, 141.5, 132.3, 129.2, 126.9, 48.7, 33.3, 25.7, 25.0, 21.5. 
 
N-cyclohexyl-benzamide, 4.5b. The title product was purified by silica plug (a gradient of 90:10 
to 80:20; hexanes: EtOAc) and obtained in 63% yield (128 mg) as a yellow crystalline solid. 1H 
NMR (400 MHz, CDCl3 δ ppm 7.74 (d, J = 7.5 Hz, 2H), 7.44 (t, J = 7.3 Hz, 1H), 7.37 (t, J = 7.5 
Hz, 2H), 6.23 (d, J = 8.3 Hz, 1H), 4.00 – 3.89 (m, 1H), 2.07 – 1.87 (m, 2H), 1.77 – 1.68 (m, 2H), 
1.66 – 1.57 (m, 1H), 1.44 – 1.31 (m, 2H), 1.30 – 1.10 (m, 3H). 13C NMR NMR (101 MHz, CDCl3) 
δ ppm 166.7, 135.2, 131.2, 128.5, 127.0, 48.8, 33.2, 25.6, 25.0. 
 
N-cyclohexyl-4-methoxy-benzamide, 4.5c. Modification from the general procedure: 1.5 mL of 
MeCN was used for stage two to avoid stirring issue due to the immediate formation of a heavy 
precipitate. The title product was purified by silica plug (a gradient of 90:10 to 70:30; hexanes: 
EtOAc) and obtained in 54% yield (127 mg) as a yellowish solid. 1H NMR (400 MHz, CDCl3) δ 
ppm 7.71 (d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 6.18 (d, J = 8.1 Hz, 1H), 3.97 – 3.86 (m, 
1H), 3.78 (s, 3H), 2.06 – 1.89 (m, 2H), 1.70 (dt, J = 13.5, 3.8 Hz, 2H), 1.60 (dt, J = 13.5, 3.6 Hz, 
1H), 1.44 – 1.28 (m, 2H), 1.28 – 1.10 (m, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 166.2, 162.0, 
128.7, 127.4, 113.6, 55.4, 48.7, 33.3, 25.6, 25.0.  
 
N-cyclohexyl-4-phenyl-benzamide, 4.5d. Modification from the general procedure: 4 mL of 
MeCN and 5 mL of cyclohexylamine were used for stage two. The title product was purified by 
silica plug (a gradient of 90:10 to 80:20; hexanes: EtOAc) and obtained in 68% yield (189 mg) as 
a white solid. 1H NMR (400 MHz, CDCl3) δ ppm 7.90 – 7.76 (m, 2H), 7.73 – 7.56 (m, 4H), 7.46 
(t, J = 7.6 Hz, 2H), 7.38 (t, J = 7.3 Hz, 1H), 6.00 (d, J = 8.1 Hz, 1H), 4.35 – 3.63 (m, 1H), 2.17 – 
1.99 (m, 2H), 1.85 – 1.73 (m, 2H), 1.72 – 1.58 (m, 1H), 1.53 – 1.36 (m, 2H), 1.32 – 1.18 (m, 3H). 
13C NMR (101 MHz, CDCl3) δ ppm 166.4, 144.2, 140.2, 133.9, 129.0, 128.1, 127.5, 127.3, 127.3, 
48.8, 33.4, 25.7, 25.1. 
 
N-cyclohexyl-4-trifluoromethyl-benzamide, 4.5e. The title product was purified by silica plug 
(90:10; hexanes: EtOAc) and obtained in 74% yield (201 mg) as a white crystalline solid. 1H NMR 
(400 MHz, CDCl3) δ ppm 7.85 (d, J = 8.1 Hz, 2H), 7.68 (d, J = 8.1 Hz, 2H), 5.98 (d, J = 7.7 Hz, 
1H), 4.15 – 3.80 (m, 1H), 2.10 – 1.99 (m, 2H), 1.77 (dt, J = 13.5, 3.9 Hz, 2H), 1.71 – 1.56 (m, 1H), 
1.50 – 1.38 (m, 2H), 1.30 – 1.20 (m, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 165.5, 138.5 (d, J 
= 1.3 Hz), 133.1 (q, J = 32.7 Hz), 127.5, 125.6 (q, J = 3.7 Hz), 123.8 (q, J = 272.6 Hz), 49.2, 33.2, 




N-cyclohexyl-4-chloro-benzamide, 4.5f. The title product was purified by silica plug (a gradient 
of 90:10 to 80:20; hexanes: EtOAc) and obtained in 72% yield (170 mg) as a white solid. 1H NMR 
(400 MHz, CDCl3) δ ppm 7.68 (d, J = 8.5 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 5.96 (d, J = 7.6 Hz, 
1H), 4.04 – 3.86 (m, 1H), 2.01 (dt, J = 12.4, 4.0 Hz, 2H), 1.75 (dt, J = 13.5, 3.9 Hz, 2H), 1.69 – 
1.60 (m, 1H), 1.48 – 1.35 (m, 2H), 1.28 – 1.16 (m, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 165.7, 
137.6, 133.6, 128.9, 128.4, 49.0, 33.3, 25.7, 25.0. 
 
N-cyclohexyl-4-fluoro-benzamide, 4.5g. The title product was purified by silica plug (a gradient 
of 90:10 to 80:20; hexanes: EtOAc) and obtained in 73% yield (161 mg) as an off-white solid. 1H 
NMR (400 MHz, CDCl3) δ ppm 7.74 (dd, J = 8.5, 5.3 Hz, 2H), 7.02 (t, J = 8.5 Hz, 2H), 6.28 (d, J 
= 8.0 Hz, 1H), 4.13 – 3.74 (m, 1H), 1.96 (dd, J = 12.3, 4.2 Hz, 2H), 1.71 (dt, J = 13.3, 3.8 Hz, 2H), 
1.61 (dt, J = 13.0, 3.9 Hz, 1H), 1.44 – 1.28 (m, 2H), 1.28 – 1.10 (m, 3H). 13C NMR (101 MHz, 
CDCl3) δ ppm 165.7, 164.7 (d, J = 251.3 Hz), 131.4 (d, J = 3.2 Hz), 129.3 (d, J = 8.9 Hz), 115.6 
(d, J = 21.8 Hz), 48.9, 33.3, 25.7, 25.0. 19F NMR (376 MHz, CDCl3) δ ppm -111.88 – -112.04 
(m).  
 
N-cyclohexyl-2-fluoro-benzamide, 4.5h. The title product was purified by silica plug (90:10; 
hexanes: EtOAc) and obtained in 65% yield (143 mg) as an off-white solid. 1H NMR (400 MHz, 
Chloroform-d) δ ppm 8.08 (td, J = 7.9, 1.9 Hz, 1H), 7.51 – 7.37 (m, 1H), 7.33 – 7.18 (m, 1H), 7.09 
(dd, J = 12.2, 8.2 Hz, 1H), 6.60 (s, 1H), 4.11 – 3.95 (m, 1H), 2.07 – 1.98 (m, 2H), 1.78 – 1.68 (m, 
2H), 1.67 – 1.58 (m, 1H), 1.51 – 1.36 (m, 2H), 1.34 – 1.20 (m, 3H). 13C NMR (101 MHz, CDCl3) 
δ ppm 162.4 (d, J = 3.3 Hz), 160.7 (d, J = 246.8 Hz), 133.1 (d, J = 9.3 Hz), 132.1 (d, J = 2.3 Hz), 
124.8 (d, J = 3.3 Hz), 121.7 (d, J = 11.5 Hz), 116.0 (d, J = 24.9 Hz), 48.7, 33.1, 25.7, 24.9. 19F 
NMR (376 MHz, CDCl3) δ ppm -117.01 – -117.15 (m). 
 
N-cyclohexyl-3-chloro-benzamide, 4.5i. The title product was purified by silica plug (a gradient 
of 90:10 to 85:15; hexanes: EtOAc) and obtained in 70% yield (167 mg) as a yellow solid. 1H 
NMR (400 MHz, CDCl3) δ ppm 7.72 (t, J = 1.9 Hz, 1H), 7.61 (dt, J = 7.7, 1.4 Hz, 1H), 7.44 (dt, 
J = 8.1, 1.5 Hz, 1H), 7.34 (t, J = 7.8 Hz, 1H), 6.01 (d, J = 8.1 Hz, 1H), 4.03 – 3.86 (m, 1H), 2.07 
– 1.96 (m, 2H), 1.80 – 1.71 (m, 2H), 1.70 – 1.60 (m, 1H), 1.48 – 1.34 (m, 2H), 1.30 – 1.16 (m, 
3H). 13C NMR (101 MHz, CDCl3) δ ppm 165.4, 137.0, 134.7, 131.3, 129.9, 127.4, 125.1, 49.0, 
33.2, 25.6, 25.0. 
 
N-cyclohexyl-4-bromo-2-fluoro-benzamide, 4.5j. The title product was purified by silica plug (a 
gradient of 90:10 to 80:20; hexanes: EtOAc) and obtained in 72% yield (215 mg) as an off-white 
solid. 1H NMR (400 MHz, CDCl3) δ ppm 7.95 (t, J = 8.4 Hz, 1H), 7.39 (dd, J = 8.5, 1.9 Hz, 1H), 
7.29 (dd, J = 11.3, 1.8 Hz, 1H), 6.52 (t, J = 9.7 Hz, 1H), 4.06 – 3.92 (m, 1H), 2.07 – 1.94 (m, 2H), 
1.79 – 1.69 (m, 2H), 1.68 – 1.58 (m, 1H), 1.49 – 1.36 (m, 2H), 1.33 – 1.19 (m, 3H). 13C NMR 
(101 MHz, CDCl3) δ ppm 161.5 (d, J = 3.4 Hz), 160.2 (d, J = 250.9 Hz), 133.4 (d, J = 3.0 Hz), 
128.4 (d, J = 3.3 Hz), 126.1 (d, J = 10.4 Hz), 120.8 (d, J = 11.8 Hz), 119.6 (d, J = 28.4 Hz), 48.9, 
33.1, 25.7, 24.8. 19F NMR (376 MHz, CDCl3) δ ppm -114.81 (tdd, J = 11.6, 8.3, 2.5 Hz). HRMS 





N-n-butyl-4-trifluoromethyl-benzamide, 4.5k. Modification from the general procedure: 1 M 
HCl was used for the work up in place of 0.5 M HCl. The title product was purified by silica plug 
(a gradient of 95:5 to 90:10; hexanes: EtOAc) and obtained in 76% yield (187 mg) as a yellow 
crystalline solid. 1H NMR (400 MHz, CDCl3) δ ppm 7.86 (d, J = 8.1 Hz, 2H), 7.67 (d, J = 8.1 Hz, 
2H), 6.30 (s, 1H), 3.46 (td, J = 7.2, 5.7 Hz, 2H), 1.65 – 1.56 (m, 2H), 1.47 – 1.36 (m, 2H), 0.95 (t, 
J = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 166.4, 138.3 (d, J = 1.3 Hz), 133.2 (q, J = 
32.7 Hz), 127.5, 125.7 (q, J = 3.8 Hz), 123.8 (d, J = 272.4 Hz), 40.2, 31.8, 20.3, 13.9. 19F NMR 
(376 MHz, CDCl3) δ ppm -66.11 (d, J = 3.5 Hz). 
 
N-n-octyl-4-trifluoromethyl-benzamide, 4.5l. Modification from the general procedure: 1 M 
HCl was used for the work up in place of 0.5 M HCl. The title product was prepared by silica plug 
(a gradient of 95:5 to 90:10; hexanes: EtOAc) and obtained in 72% yield (218 mg) as an off-white-
solid. 1H NMR (400 MHz, CDCl3) δ ppm 7.85 (d, J = 8.0 Hz, 2H), 7.64 (d, J = 8.0 Hz, 2H), 6.50 
(t, J = 5.7 Hz, 1H), 3.43 (q, J = 6.8 Hz, 2H), 1.59 (q, J = 7.3 Hz, 2H), 1.37 – 1.23 (m, 10H), 0.86 
(t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 166.4, 138.3 (d, J = 1.4 Hz), 133.2 (q, J 
= 32.7 Hz), 127.5, 125.6 (q, J = 3.7 Hz), 123.8 (q, J = 272.5 Hz), 40.5, 31.9, 29.7, 29.4, 29.3, 27.1, 
22.7, 14.2. 19F NMR (376 MHz, CDCl3) δ ppm -66.10 (d, J = 5.0 Hz). HRMS (ESI/Q-TOF) 
m/z: [M + H]+ Calcd for C16H23F3NO 302.1732; Found 302.1770 
 
N-benzyl-4-trifluoromethyl-benzamide, 4.5m. The title product was purified by silica plug (a 
gradient of 90:10 to 80:20; hexanes: EtOAc) and obtained in 73% yield (205 mg) as a white solid. 
1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 8.1 Hz, 2H), 7.70 (d, J = 8.0 Hz, 2H), 7.41 – 7.30 (m, 
5H), 6.42 (s, 1H), 4.66 (d, J = 5.7 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ ppm 166.2, 137.8, 
137.8 (d, J = 1.2 Hz), 133.5 (q, J = 32.7 Hz), 129.0, 128.1, 128.0, 127.6, 125.8 (q, J = 3.8 Hz), 
123.8 (q, J = 272.6 Hz), 44.5. 19F NMR (376 MHz, CDCl3) δ ppm -66.15.  
 
N-(1-methylpropyl)-4-trifluoromethyl-benzamide, 4.5n. The title product was purified by silica 
plug (a gradient of 90:10 to 85:15; hexanes: EtOAc) and obtained in 75% yield (183 mg) as a white 
solid. 1H NMR (400 MHz, CDCl3) δ ppm 7.84 (d, J = 8.0 Hz, 2H), 7.64 (d, J = 8.0 Hz, 2H), 6.16 
(d, J = 8.3 Hz, 1H), 4.21 – 4.00 (m, 1H), 1.65 – 1.50 (m, 2H), 1.22 (d, J = 6.6 Hz, 3H), 0.95 (t, J 
= 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 165.8, 138.5 (d, J = 1.3 Hz), 133.1 (q, J = 32.8 
Hz), 127.5, 125.6 (q, J = 3.8 Hz), 123.8 (q, J = 272.5 Hz), 47.6, 29.8, 20.5, 10.5. HRMS (ESI/Q-
TOF) m/z: [M + H]+ Calcd for C12H15F3NO 246.1106 ; Found 246.1127 
 
(Piperidin-1-yl)-(4-(trifluoromethyl)phenyl)methanone, 4.5o. The title product was purified by 
silica plug (a gradient of 90:10 to 85:15; hexanes: EtOAc) and obtained in 66% yield (169 mg) as 
a white solid. 1H NMR (400 MHz, CDCl3) δ ppm 7.65 (d, J = 8.0 Hz, 2H), 7.48 (d, J = 8.0 Hz, 
2H), 3.71 (s, 2H), 3.28 (s, 2H), 1.71 – 1.45 (m, 6H).  13C NMR (101 MHz, CDCl3) δ ppm 168.8, 
140.2 (d, J = 1.5 Hz), 131.4 (q, J = 32.7 Hz), 127.2, 125.6 (q, J = 3.8 Hz), 123.9 (q, J = 272.3 Hz), 






N-phenyl-4-trifluoromethyl-benzamide, 4.5p. The title product was purified by silica plug 
(90:10; hexanes: EtOAc) and obtained in 73% yield (193 mg) as an off-white solid. 1H NMR (400 
MHz, DMSO-d6) δ ppm 10.45 (s, 1H), 8.15 (d, J = 8.1 Hz, 2H), 7.91 (d, J = 8.1 Hz, 2H), 7.84 – 
7.75 (m, 2H), 7.37 (t, J = 7.8 Hz, 2H), 7.13 (t, J = 7.4 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) 
δ ppm 164.4, 138.8, 138.8 (d, J = 1.6 Hz), 131.3 (q, J = 31.9 Hz), 128.7, 128.6, 125.4 (q, J = 3.7 
Hz), 124.0, 123.9 (q, J = 272.5 Hz), 120.4. 19F NMR (376 MHz, DMSO-d6) δ ppm -63.65. 
 
N-(2-methoxyethyl)-4-(trifluoromethyl)benzamide, 4.5q. The title product was purified by 
silica plug (a gradient of 85:15 to 70:30; hexanes: EtOAc) and obtained in 69% yield (171 mg) as 
an off-white solid. 11H NMR (400 MHz, CDCl3) δ ppm 7.88 (d, J = 8.1 Hz, 2H), 7.68 (d, J = 8.1 
Hz, 2H), 6.62 (s, 1H), 3.66 (q, J = 5.1 Hz, 2H), 3.56 (dd, J = 5.6, 4.5 Hz, 2H), 3.38 (s, 3H). 13C 
NMR (101 MHz, CDCl3) δ ppm 166.3, 138.0 (d, J = 1.3 Hz), 133.3 (q, J = 32.7 Hz), 127.6, 125.7 
(q, J = 3.8 Hz), 123.8 (q, J = 272.4 Hz), 71.1, 59.0, 40.0. 19F NMR (376 MHz, CDCl3) δ ppm -
66.12. HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for C11H13F3NO2 248.0898; Found 248.0908 
N-(2,2,2-trifluoroethyl)-4-(trifluoromethyl)benzamide, 4.5r. The title product was purified by 
silica plug (90:10; hexanes: EtOAc) and obtained in 68% yield (184 mg) as a white solid 1H NMR 
(400 MHz, CDCl3) δ ppm 7.89 (d, J = 8.1 Hz, 2H), 7.71 (d, J = 8.1 Hz, 2H), 6.65 (s, 1H), 4.13 (qd, 
J = 8.9, 6.3 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ ppm 166.6, 136.6, 134.1 (q, J = 32.9 Hz), 
127.8, 126.0 (q, J = 3.8 Hz), 124.2 (d, J = 278.4 Hz), 123.6 (d, J = 272.7 Hz), 41.4 (q, J = 34.9 
Hz). 19F NMR (376 MHz, CDCl3) δ ppm -66.26, -75.39 (t, J = 9.0 Hz). HRMS (ESI/Q-TOF) 
m/z: [M – H]- Calcd for C10H6F6NO 270.0354; Found 270.0383 
 
N-(2-(1H-Indol-3-yl)ethyl)-4-(trifluoromethyl)benzamide, 4.5s. The title product was purified 
by silica plug (a gradient of 90:10 to 80:20; hexanes: EtOAc) and obtained in 76% yield (251 mg) 
as a yellow solid. 1H NMR (400 MHz, DMSO-d6) δ ppm 10.83 (s, 1H), 8.86 (t, J = 5.6 Hz, 1H), 
8.06 (d, J = 8.1 Hz, 2H), 7.85 (d, J = 8.1 Hz, 2H), 7.60 (d, J = 7.8 Hz, 1H), 7.36 (d, J = 8.0 Hz, 
1H), 7.20 (d, J = 2.3 Hz, 1H), 7.13 – 7.04 (m, 1H), 7.03 – 6.95 (m, 1H), 3.67 – 3.53 (m, 2H), 3.00 
(t, J = 7.5 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ ppm 165.0, 138.5 (d, J = 1.4 Hz), 136.3, 
131.0 (q, J = 31.8 Hz), 128.1, 127.3, 125.3 (q, J = 3.9 Hz), 122.7, 122.6, 120.9, 118.3, 118.2, 111.8, 
111.4, 40.4, 25.0. 19F NMR (376 MHz, DMSO-d6) δ ppm 266.25. 
 
N-(1-adamantyl)-4-(trifluoromethyl)benzamide, 4.5. Modification from the general procedure: 
3 mL of MeCN was used for stage two. The title product was purified by silica plug (a gradient of 
99:1 to 95:5; hexanes: EtOAc) and was obtained in 33% yield (107 mg) as a white solid. 1H NMR 
(400 MHz, CDCl3) δ ppm 7.80 (d, J = 8.0 Hz, 2H), 7.65 (d, J = 8.2 Hz, 2H), 5.83 (s, 1H), 2.12 (s, 
9H), 1.72 (s, 6H). 13C NMR (101 MHz, DMSO-d6) δ ppm 165.6, 139.6 (d, J = 1.3 Hz), 133.0 (q, 
J = 32.7 Hz), 127.4, 125.7 (q, J = 3.8 Hz), 128.9 – 119.5 (m), 52.9, 41.9, 36.6, 29.7. 19F NMR 
(376 MHz, CDCl3) δ ppm -66.07. HRMS (ESI/Q-TOF) m/z: [M – H]
- Calcd for C18H14F3N2O 






N-n-butyl-4-methyl-benzamide, 4.5u. The title product was purified by silica plug (a gradient of 
90:10 to 80:20; hexanes: EtOAc) and obtained in 64% yield (122 mg) as a yellow viscous liquid. 
1H NMR (400 MHz, CDCl3) δ ppm 7.65 (d, J = 7.8 Hz, 2H), 7.19 (d, J = 7.8 Hz, 2H), 6.31 (s, 
1H), 3.42 (q, J = 6.7 Hz, 2H), 2.37 (s, 3H), 1.57 (p, J = 7.3 Hz, 2H), 1.44 – 1.33 (m, 2H), 0.93 (t, 
J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ ppm 167.6, 141.7, 132.1, 129.2, 127.0, 39.9, 31.9, 
21.5, 20.3, 13.9. 
 
N-benzyl-4-methyl-benzamide, 4.5v. The title product was purified by silica plug (a gradient of 
90:10 to 80:20; hexanes: EtOAc) and obtained in 66% yield (148 mg) as an off-white crystalline 
solid. 1H NMR (400 MHz, CDCl3) δ ppm 7.69 (d, J = 7.9 Hz, 2H), 7.40 – 7.27 (m, 5H), 7.22 (d, 
J = 7.8 Hz, 2H), 6.49 (s, 1H), 4.63 (d, J = 5.6 Hz, 2H), 2.39 (s, 3H). 13C NMR (101 MHz, CDCl3) 
δ ppm 167.4, 142.1, 138.5, 131.7, 129.3, 128.9, 128.0, 127.7, 127.1, 44.2, 21.6. 
10.4 Computational details 
Quantum chemical calculations were performed using Gaussian 16.1 The method used for the 
calculations of the systems involve geometry optimization and vibrational frequency calculations 
in gas phase at the B3LYP/6-31+g(d,p) level of theory and B3LYP/6-31+g(d,p) for the transition 
states.2 Gibbs free energies in solution are obtained the sum of electronic and thermal free energies. 
Stationary points were characterized by frequency calculations at 298 K, with structures at energy 
minima showing no negative frequencies and transition-states showing one negative frequency. 

















11. Experimental Details for Chapter Five 
11.1 Procedure for optimization and control studies for Tables 14, 15 and 16  
To a 2-dram reaction vial equipped with a stir bar was added photocatalyst, ACT and terminal 
oxidant followed by a solvent mix of MeCN and H2O. Next, 4-methoxybenzyl alcohol (5.3a, 0.5 
mmol) and base were added to the above reaction mixture. It was irradiated in blue LED reactor 
for 24 h unless noted otherwise. The temperature of the reaction was maintained at approximately 
room temperature by using a fan over the light set up. After this time, the reaction mixture was 
quenched with EtOAc. Conversion was obtained by GCMS of the crude reaction mixture. 
11.2 General procedure for synthesis, isolation procedures, and spectral characterization 
information for carboxylic acids in Table 17 
4-methoxybenzoic acid, 5.5a 
To a 4-dram reaction vial equipped with a stir bar was added Ru(bpy)3(PF6)2 (43 mg, 0.05 mmol, 
5 mol %), ACT (43 mg, 0.2 mmol 20 mol %), and Na2S2O8 (952 mg, 4 mmol, 4 equiv.) followed 
by a solvent mix of MeCN and H2O (90:10 v/v, 0.74 M). Next, 4-methoxybenzyl alcohol (5.3a, 
138 mg, 1 mmol, 1 equiv.) and 3,5-lutidine (107 mg, 6 mmol, 6 equiv.) were added to the above 
reaction mixture. It was irradiated in blue LED reactor for 48 h unless noted otherwise. The 
temperature of the reaction was maintained at approximately room temperature by using a fan over 
the light set up. High stirring speed was applied to ensure uniform mixing of the reaction mixture. 
After 48 hours, the reaction was quenched using EtOAc (~10 mL). The reaction mixture was then 
filtered with EtOAc (~50 mL) through a medium porosity fritted funnel. A spatula was used to 
break any pieces to release any trapped product. EtOAc was evaporated off until ~20 ml remained. 
The reaction mixture was transferred into a 250 mL separating funnel and was extracted with 
saturated NaHCO3 (3 x ~30 mL). The basic aqueous layer was combined and acidified to 
approximately pH 2-4 by adding HCl (2 M, ~60 ml) dropwise and stirring the solution. The 
acidified solution was extracted using EtOAc (4 x 25 mL). Organic layers were combined and 
dried over to obtain the isolated yield as a white solid (100 mg, 66%).  
1H NMR (CDCl3, 400 MHz)  ppm 8.07 (d, J=8.9, 2H), 6.95 (d, J=9.0, 2H), 3.88 (s, 3H). 
13C NMR (CDCl3, 101 MHz)  ppm 164.21, 132.52, 121.75, 113.92, 55.64. 
 
4-methylbenzoic acid, 5.5b. The product (93 mg, 61%) was prepared according to the 
representative procedure from 4-methylbenzyl alcohol (5.3b, 122 mg, 1 mmol) with the following 
modifications: 1) basic aqueous layer was acidified to pH 2, 2) product formed was pink. 1H-NMR 
confirmed the product was present. Product was dissolved in EtOAc and washed with H2O. EtOAc 
was evaporated off and 5.5b was collected as an off-white solid. 1H NMR (CDCl3, 400 MHz)  
ppm 8.01 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 7.9 Hz, 2H), 2.44 (s, 3H). 13C NMR (CDCl3, 101 MHz) 
 ppm 172.29, 144.79, 130.42, 129.37, 126.73, 21.91. 
 
4-tert-butyl benzyl alcohol, 5.5c. The product (148 mg, 83%) was prepared according to the 
representative procedure from 4-tert-butylbenzyl alcohol (5.3c, 164 mg, 1 mmol). The carboxylic 
acid was collected as a white solid. 1H NMR (CDCl3, 400 MHz)  ppm 8.06 (d, J=8.5, 2H), 7.50 
(d, J=8.5, 2H), 1.36 (s, 9H). 13C NMR (CDCl3, 101 MHz)  ppm 172.37, 157.74, 130.27, 126.69, 




Benzoic acid, 5.5d. The product (94 mg, 77%) was prepared according to the representative 
procedure from benzyl alcohol (5.3d, 108 mg, 1mmol). The carboxylic acid was collected as a 
white solid. 1H NMR (CDCl3, 400 MHz)  ppm 8.14 (d, J=7.1, 2H), 7.63 (t, J=7.4, 1H), 7.49 (t, 
J=7.8, 2H). 13C NMR (CDCl3, 101 MHz)  ppm 172.53, 133.97, 130.37, 129.49, 128.64. 
 
4-trifluoromethylbenzoic acid, 5.5e. The product (181 mg, 95%) was prepared according to the 
representative procedure from 4-trifluoromethylbenzyl alcohol (5.3e, 176 mg, 1mmol). The 
carboxylic acid was collected as a white solid. 1H NMR (DMSO-d6, 400 MHz)  ppm 13.45 (s, 
1H), 8.13 (d, J = 8.0 Hz, 2H), 7.87 (d, J = 8.1 Hz, 2H). 13C NMR (DMSO-d6, 101 MHz) δ ppm 
166.89, 135.31, 133.18 (d, J = 31.8 Hz), 130.80, 126.30 (q, J = 3.8 Hz), 124.52 (d, J = 272.5 Hz). 
 
4-fluorobenzoic acid, 5.5f. The product (130 mg, 93%) was prepared according to the 
representative procedure from 4-fluorobenzyl alcohol (5.3f, 126 mg, 1mmol). The carboxylic acid 
was collected as a white solid. 1H NMR (CDCl3, 400 MHz)  ppm 8.20 – 8.03 (m, 2H), 7.15 (t, J 
= 8.6 Hz, 2H). 13C NMR (CDCl3, 101 MHz) δ ppm 171.35, 166.61 (d, J = 255.2 Hz), 133.13 (d, J 
= 9.5 Hz), 125.76 (d, J = 3.0 Hz), 115.98 (d, J = 22.1 Hz). 
 
 
4-bromobenzoic acid, 5.5g. The product (148 mg, 74%) was prepared according to the 
representative procedure from 4-bromobenzyl alcohol (5.3g, 187 mg, 1 mmol). The carboxylic 
acid was collected as a white solid. 1H NMR (DMSO-d6, 400 MHz)  ppm 13.16 (s, 1H), 7.86 (d, 
J=8.5, 2H), 7.71 (d, J=8.5, 2H). 13C NMR (DMSO-d6, 101 MHz)  ppm 166.57, 131.68, 131.27, 
129.99, 126.85. 
 
4-chlorobenzoic acid (5.5h). The product (123 mg, 79%) was prepared according to the 
representative procedure from 4-chlorobenzyl alcohol (5.3h, 142 mg, 1 mmol). The carboxylic 
acid was collected as a white solid. 1H NMR (CDCl3, 400 MHz)  ppm 8.04 (d, J=8.3, 2H), 7.46 
(d, J=8.3, 2H). 13C NMR (DMSO-d6, 101 MHz)  ppm 166.44, 137.78, 131.12, 129.64, 128.72. 
 
4-nitrobenzoic acid, 5.5i. The product (140 mg, 84%) was prepared according to the 
representative procedure from 4-nitrobenzyl alcohol (5.3i, 153 mg, 1 mmol). The carboxylic acid 
was collected as a white solid. 1H NMR (DMSO-d6, 400 MHz)  ppm 13.64 (s, 1H), 8.31 (d, 
J=8.3, 2H), 8.16 (d, J=8.4, 2H). 13C NMR (DMSO-d6, 101 MHz)  ppm 165.77, 150.02, 136.36, 
130.68, 123.71. 
 
2-bromobenzoic acid, 5.5j. The product (151 mg, 75%) was prepared according to the 
representative procedure from 2-bromobenzyl alcohol (5.3j, 187 mg, 1 mmol). The carboxylic acid 
was collected as a white solid. 1H NMR (CDCl3, 400 MHz)  ppm 8.01 (d, 1H), 7.72 (d, 1H), 7.46 






3-methoxybenzoic acid, 5.5k. The product (66 mg, 43%) was prepared according to the 
representative procedure from 3-methoxybenzyl alcohol (5.3k, 152 mg, 1 mmol), with the 
following modification: The EtOAc was removed under high pressure after filtration. DCM was 
then used in place of EtOAc during the extraction processes as the solid dissolved better in DCM 
than EtOAc. The carboxylic acid was collected as a pale orange solid. 1H NMR (CDCl3, 400 MHz) 
 ppm 7.73 (d, J=7.7, 1H), 7.63 (s, 1H), 7.39 (t, J=8.0, 1H), 7.17 (d, J=8.3, 1H), 3.87 (s, 3H). 13C 
NMR (CDCl3, 101 MHz)  ppm 172.14, 159.77, 130.73, 129.68, 122.84, 120.63, 114.56, 55.61. 
3-chlorobenzoic acid, 5.5l. The product (141 mg, 90%) was prepared according to the 
representative procedure from 3-chlorobenzyl alcohol (5.3l, 143 mg, 1 mmol). The carboxylic acid 
was collected as a white solid. 1H NMR (CDCl3, 400 MHz)  ppm 8.10 (t, J = 1.9 Hz, 1H), 8.01 
(dt, J = 7.7, 1.4 Hz, 1H), 7.59 (ddd, J = 8.0, 2.2, 1.1 Hz, 1H), 7.43 (t, J = 7.9 Hz, 1H). 13C NMR 
(CDCl3, 101 MHz)  ppm 









12. Experimental Details for Chapter Six 
12.1 Employment of a Continuous-flow Reactor for Organosulfur Chemistry 
Procedure for aziridine formation from styrene for Table 18 
To a 6-dram reaction vial equipped with a stir-bar was added Brij 35 (90 mg) or nBu4NI (9.2 mg, 
0.05 eq.), NH4I (37 mg, 0.50 eq.), and solvent (4.5 ml, 0.11 M in 6.1a). The contents of the vial 
were dissolved with an aid of a sonicator. The vial was charged with styrene (6.1a, 52 mg, 0.5 
mmol, 1.0 eq) and 28-30% of aq. ammonia (0.5 ml, 1M in 6.1a). A 10-15% of aq. NaOCl (0.4 ml, 
8 ul/min.) was added to the above solution with a syringe pump (New Era, model # NE-300). After 
the bleach addition, the reaction mixture was stirred at room temperature (rt) for 2 h. After this 
time an aliquot was taken, diluted with ethyl acetate (EtOAc) and product mixtures were analyzed 
by GC-MS. 
Procedure for synthesis of thiazolidine-2-thiones from styrene for Table 19 
Stage One: preparation of cesium methyl xanthate salt (MeO-C(=S)-S-Cs+)  
To a 4-dram reaction vial equipped with a stir-bar was added Cs2CO3 (163 mg, 0.5 mmol, 1 eq.), 
methanol (1.5 mL, 0.33 M) and carbon disulfide (0.03 ml, 1 eq., density = 1.266 g/ml). The 
contents in the vial were stirred at rt for 3h. After this time, the salt was collected by filtering the 
reaction mixture through a Buchner funnel with a filter paper on top.  
Stage Two: formation of aziridine 
 
To a 6-dram reaction vial equipped with a stir-bar was added Brij 35 (90 mg) or nBu4NI (9.2 mg, 
0.05 eq.), NH4I (37 mg, 0.50 eq.), and solvent (4.5 mL, 0.11 M in 6.1a). The contents of the vial 
were dissolved with an aid of a sonicator. The vial was charged with styrene (6.1a, 52 mg, 0.5 
mmol, 1.0 eq) and 28-30% of aq. ammonia (0.5 ml, 1M in 6.1a). A 10-15% of aq. NaOCl (0.4 ml, 
8 ul/min.) was added to the above solution with a syringe pump (New Era, model # NE-300). After 
the bleach addition, the reaction mixture was stirred at room temperature (rt) for 2 h. After this 
time an aliquot was taken, diluted with ethyl acetate (EtOAc) and product mixtures were analyzed 
by GC-MS. 
 
Stage Three: synthesis of thiazolidine-2-thione 
To the above solution, was added the cesium methyl xanthate salt (MeO-C(=S)-S-Cs+) that was 
prepared in stage one. The contents of the vial were stirred at room temperature for the desired 
time. After this, an aliquot was taken, diluted with ethyl acetate (EtOAc) and product mixtures 











Procedure for synthesis of thiazolidine-2-thiones from styrenes for Scheme 11 
Stage One: formation of aziridine 
To a 6-dram reaction vial equipped with a stir-bar was added Brij 35 (90 mg) or nBu4NI (9.2 mg, 
0.05 eq.), NH4I (37 mg, 0.50 eq.), and solvent (4.5 mL, 0.11 M in 6.1a). The contents of the vial 
were dissolved with an aid of a sonicator. The vial was charged with styrene (6.1a, 52 mg, 0.5 
mmol, 1.0 eq) and 28-30% of aq. ammonia (0.5 ml, 1M in 6.1a). A 10-15% of aq. NaOCl (0.4 ml, 
8 ul/min.) was added to the above solution with a syringe pump (New Era, model # NE-300). After 
the bleach addition, the reaction mixture was stirred at room temperature (rt) for 2 h. After this 
time an aliquot was taken, diluted with ethyl acetate (EtOAc) and product mixtures were analyzed 
by GC-MS. 
 
Stage Two: synthesis of thiazolidine-2-thiones 
To the above reaction mixture, was added a solution of carbon disulfide (0.075 ml, 2.5 eq., density 
= 1.266 g/ml), methanol (16 mg, 0.5 mmol, 1 eq.), and Cs2CO3 (16 mg, 0.10 eq.). The contents in 
the vial were stirred at rt for 3h. After this time, the reaction was quenched with ethyl acetate 
(EtOAc). The solvent was removed in vacuo to afford the crude product, 6.5a. Further purification 
was accomplished by silica plug with a gradient of 70:30 to 50:50; hexanes: EtOAc to afford, 
phenylthiazolidine-2-thiones, 6.5a. 1H NMR (400 MHz, Chloroform-d) δ 7.38 (s, 5H), 5.19 (t, J 
= 7.9 Hz, 1H), 4.28 (dd, J = 11.3, 8.1 Hz, 1H), 4.01 (dd, J = 11.2, 7.6 Hz, 1H).  
 
12.2 Oxoammonium salt-mediated dehydrogenation of cyclohexanone derivatives 
Procedure for phenol synthesis 
Method A: conventional heating (Table 20) 
To an oven dried round-bottom flask equipped with a stir bar was added MeCN (0.25 M in 6.9), 
ethyl-2-oxocyclohexanecarboxylate (6.9, 1 eq.), 2,6-lutidine (5 eq.), and Bobbitt’s salt (1.1b). The 
reaction mixture was stirred at desired temperature for desired number of hours. After this time, an 
aliquot was taken, diluted with DCM and product mixtures were analyzed by GC-MS. 
 
Method B: microwave heating (Scheme 13) 
To a microwave tube equipped with a stir bar was added Bobbitt’s salt (1.1b), MeCN: water (75:35 
v/v, 0.25 M in 6.9), ethyl-2-oxocyclohexanecarboxylate (6.9, 1 eq.), and 2,6-lutidine (5 eq.). The 
reaction mixture was stirred at desired temperature for desired number of hours. After this time, an 
aliquot was taken, diluted with DCM and product mixtures were analyzed by GC-MS.  
 
